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PREFACE 


The acceptance of previous editions of Instrumentation for Process 
Measuremenî and Control has affirmed the need for a basic text on the 
subject. In the years since the first edition of this book appeared, a 
number of instructors have requested that the material be treated in 
more detail. This edition is designed to meet that need. Questions at the 
conclusion of each chapter have also been expanded to enable the 
student to judge his progress. The answers appear at the back of the 
book. 

A third edition was also mandated by the need to convey informa- 
tion about new equipment in the field of process control instrumenta- 
tion. The material here attempts, in a basic way, to meet the needs of 
the instrumentation engineer or technician who must learn how equip- 
ment operates. Mathematics have been kept to a minimum throughout. 

Digital devices are having increasing impact on the process control 
field. While it is beyond the scope of this text to deal with these tech- 
niques in detail, digital devices are introduced, as are some of the 
associated terms. 

The objectives of this edition, then, are: to introduce the fields of 
process measurement and feedback control; to pro vide useful reference 
material to students and persons working in the field; to bridge the gap 


xi 


xii PREFACE 


between basic technology and more sophisticated systems that offer 
promise for the future. 

The author is indebted to the many people who assisted with the 
preparation of this volume. Chief among them are David Fuller, who 
checked its technical content; Richard Sherman, who edited the text; 
and Roberta Kavanaugh, who typed the manuscript. The author would 
be remiss if he did not also acknowledge the contributions of his fellow 
workers at The Foxboro Company and the support of company man- 
agement. A special acknowledgment is also appropriate for the thou- 
sands of instrument students whose questions and responses over the 
years have turned the author’ s thinking toward this approach to the 
understanding of a most challenging and fascinating field. 


Norman A. Anderson, RE. 


SECTION I FEEDBACK PROCESS CONTROL 


i 

Introduction to Process Control 


The technology of process instrumentation continues to grow in both 
application and sophistication. In 1774, James Watt employed the first 
control system applying feedback techniques in the form of a flyball 
govemor to control the speed of his steam engine. Ten years later, 
Oliver Evans used control techniques to automate a Philadelphia flour 
mill. 

Process instrumentation developed slowly at first because there 
were few process industries to be served. Such industries began to 
develop at the turn of the twentieth century, and the process instrumen- 
tation industry grew with them. However, only direct-connected pro- 
cess instruments were available until the late 1930s. In the 1940s, 
pneumatic transmission Systems made complex networks and central 
control rooms possible. Electronic instrumentation became available in 
the 1950s, and its popularity has grown rapidly since. The most recent 
decade has produced digital computer techniques to improve the per- 
formance of more complex processes. However, present trends indi- 
cate that future process plants will employ combinations of analog and 
digital systems. 

True control balances the supply of energy or material against the 
demands made by the process. The most basic (feedback) systems 
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Fig. 1-1. (A) The process to be controlled occurs in a heat exchanger. AII elements of 
the pneumatic control system are shown — transmitter, controller, valve, input water, 
output water, and steam. ( B ) Block diagram of the elements listed in A. 
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measure the controlled variable, compare the actual measurement with 
the desired value, and use the difference between them (error) to gov- 
ern the required corrective action. More sophisticated (feedforward) 
systems measure energy and/or material inputs to a process to control 
the output. These will be discussed in Chapter 16. 

The control loop in Figure 1-1 is shown in both actual and schema- 
tic form. The process is a shell and tube heat exchanger, and the tem- 
perature of the heated water is the controlled variable. This tempera- 
ture is measured by a pneumatic temperature transmitter, which sends 
a pneumatic signal proporţional to temperature to the pneumatic analog 
controller. The desired water temperature is set on the controller’ s 
set-point dial. The controller changes a pneumatic output signal accord- 
ing to the difference between the existing value (temperature) and the 
desired value (set point). The output signal is applied to the valve 
operator, which positions the valve according to the control signal. The 
required quantity of heat (steam) is admitted to the heat exchanger, 
causing a dynamic balance between supply and demand. 

The various control equipment components that may be used to 


Table 1 - 1 . Analogy Between Characteristics of Basic Physical Systems 


Variable 

Electric al 
System 

Hydr aulic 
System 

Pneumatic 

System 

Thermal 

System 

Quantity 

Coulomb 

ft 3 or m 3 

Std. ft 3 or m 3 

Btu or joule 

Potenţial or 

emf 

Press ure 

Pressure 

Temperature 

effort variable 

E 

P 

P 

T 


(volt) 

(psi or kPa) 

(ft or m of head) 

(psi or kPa) 

(m or mm of head) 

(degrees 
Fahrenheit or 
Celsius) 

Flow variable 

Coulomb/s 

Flow 

Flow 

Heat flow 


Current 

Q 

Q 

dQ/dt 


I 

(ft 3 /s or L/s) 

(ft 3 /s or m 3 /s) 

(Btu/s or 


(amperes) 

(gal/min) 

(lb/min) 

watts) 

Resistance 

R 

(ohm) 

volt 

amp 

psi/(ft 3 /s) 
ft head/ft 3 /s) 
sec/ft 2 

psi/(ft 3 /s) 

deg/(Btu/s) 

deg/watt 

Capac itance 

q(farad) 

Coulombs 

volts 

ft 3 /ft = ft 2 

ft 2 

Btu/deg 

Time 

Seconds 

Seconds 

Seconds 

Seconds 
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(c) 


SUPPLY 



PRESSURE 
IN TANK 



Fig. 1-2. Four types of systems: (a) electric, (b) hydraulic, (c) pneumatic, and (d) 
thermal. Each has a single capacity and a single resistance and all have identical 
response characteristics. 


regulate a process and certain aspects of process behavior will be dis- 
cussed in this text. Examples of some completely instrumented process 
systems will be given to demonstrate the practicai application of the 
instrument components. 

The physical system to be controlled may be electrical, thermal, 
hydraulic, pneumatic, gaseous, mechanical, or any other physical type. 
Figure 1-2 and Table 1-1 compare several common systems. All follow 
the same basic laws of physics and dynamics. 
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The behavior of a process with respect to time defines its dynamic 
characteristics. Behavior not involving time defines its static charac- 
teristics. Both static (steady) and dynamic (changing with time) re- 
sponses must be considered in the operation and understanding of a 
process control system. 

Types of Processes 

The simplest process contains a single capacity and a single resistance. 
Figure 1-2 illustrates a single-capacity, single-resistance process in (a) 
electrical, (b) hydraulic, (c) pneumatic, and (d) thermal forms. To show 
how these behave with respect to time, we can impose a step upset 
(sudden change) in the input to the process and examine the output. 
The resulting change in proces»: variable with respect to time is plotted 
in Figure 1-3. The reaction curve of all four types of systems will be 
identical. 

This type of curve (exponenţial) is basic to automatic control. It 
can be obtained easily with an electrical capacitor and resistor arranged 
as in Figure l-2a. 



TIME IN H * C 


Fig. 1-3. Universal time-constant chart, showing exponenţial rise and decay. 
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Figure l-2a shows a simple RC circuit — a resistor, capacitor, and 
battery source in series. The instant the circuit is closed, the capacitor 
starts to charge to the voltage of the battery. The rate at which the 
capacitor charges gradually decreases as the capacitor voltage ap- 
proaches the battery voltage (voltage curve A in Figure 1-3). Although 
the rate varies, the time it takes the capacitor to charge to 63 percent of 
the battery voltage is a constant for any one value of R and C. Thus, no 
matter what the voltage of the battery, the capacitor charges to 63 
percent of the battery voltage in a time interval called the time con- 
stant, or characteristic time ( T ) of the circuit. The value of T in seconds 
is the product of the resistance (in ohms) and the capacitance (in 
farads). 

Note that the charging time increases with an increase in either R 
or C. 

This simple RC circuit is often used to produce the transient 
waveform shown, which is called an exponential-rise transient. 

On discharge, the circuit reacts similarly. For example, if the bat- 
tery in Figure l-2a is replaced by a solid conductor, the charged 
capacitor discharges 63 percent of its charge in RC seconds. 

The simple RC circuit shown in Figure l-2a symbolizes many real 
physical situations. It is important to examine the circuit in detail. 

In/?C seconds, the capacitor charges to 63.2 percent of the applied 
voltage. In the next RC seconds, the capacitor charges to 63.2 percent 
of the remaining voltage, or to 87 percent of the applied voltage. In the 
third interval of RC seconds, the capacitor charges to 95 percent of the 
applied voltage. Although the capacitor never charges to exactly 100 
percent of the applied voltage, it does charge to 99 percent in 4.6 RC 
seconds as shown in Figure 1-3, which is a curve of capacitor voltage 
(or current) versus time. Note that time is plotted in RC (time-constant) 
units. 

Processes with More Than One Capacity and Resistance 

In practice, a process will contain many capacitance and resistance 
elements. Figure 1-4 illustrates a process containing two resistance 
elements and two capacitance elements. Figure 1-5 shows the resulting 
process reaction curve. Note that the additional capacitance and resis- 
tance essentially affect the iniţial curve shape, adding a delay to the 
process. 

Dead Time 

Dead time is a delay between two related actions. For example, assume 
that the temperature sensor shown in Figure 1-1 was located 10 feet 
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Fig. 1-4. Multicapacity system. 


(3.048 m) away from the heat exchanger. If the liquid travels at a 
velocity of 10 feet (3.048 m) per second, a dead time of one second will 
occur. In some process control situations, dead time becomes the most 
difficult factor in the equation. Dead time may also be called pure delay, 
transport lag, or distance/ velocity lag. Dead time is rarely found in its 
pure form, but occurs frequently in combination with resistance- 
capacitance and other types of lags. Dead time is a difficult factor to 
equate when applying control to the process. 

Measurement 

To employ feedback control, we must first measure the condition we 
wish to maintain at the desired standard. The condition (variable) may 
be temperature, pressure, flow, level, conductivity, pH, moisture con- 
tent, or the like. 



Fig. 1-5. Characteristic curve of multicapacity system. 
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The measuring element is connected to the control element. In 
many installations, the measurement is located far from the controller. 
This problem is solved by using a measuring transmitter (Figure 1-6). 
The measuring transmitter usually develops an electrical signal for an 
electronic controller or a pneumatic signal for a pneumatic controller. 

Measuring transmitters have attained great popularity in the pro- 
cess industries. They perform the measurement and develop a pneuma- 
tic or electric signal proporţional to the variable in one unit. This signal 
can be transmitted long distances. Pneumatic transmitters generally 
produce an air pressure change of 3 to 15 psi or 20 to 100 kPa (see p. 36 
for definition of pascal unit) for measurement change of 0 to 100 per- 
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Table 1-2. Standard ISA and SAMA Funcţional Diagram Elements 


© 


FLOW 

TRANSMITTER 


© 


LEVEL 

TRANSMITTER 


© 


PRESSURE 

TRANSMITTER 




TEMPERATURE 

TRANSMITTER 


© 


POSITION 

TRANSMITTER 


Q PANEL 

v light 


O 


INDICATOR 


(r) RECORDER 


O 


RELAY 

COIL 



AUTO/MANUAL 
TRANSFER SWITCH 



TRANSFER OR 
TRIP RELAY 


CEH 


HIGH SIGNAL 
SELECTOR 


m LOW SIGNAL 
SELECTOR 


VELOCITY OR 
RATE LIMITER 



ANALOG TO 
DIGITAL CONV. 

THERMOCOUPLE TO 
VOLTAGE CONV. 



VOLTAGETO 
VOLTAGE CONV. 



MOTORIZED 

OPERATOR 



HYDRAULIC 

OPERATOR 



UNSPECIFIED 

OPERATOR 


1 r— 1 SQUARE ROOT 
L_! 1 EXTRACTOR 

m 

| X | MULTIPLIER 

m 

| 4- | DIVIDER 

1 d, dt| 

[ + 1 BIAS, ADDITION 

1 ~ 1 OR SUBTRACTION 

s 

1 a 1 COMPARATOR, 
1 ^ 1 DIFFERENCE 

r*n 

|~ y ] ADDER, 
LzlJ SUMMER 

(x.xxj 

| Zin | AVERAGER 

¥ 

pZ/t [integrator 

<3 

li NORMALLY OPEN 
' ' RELAY CONTACT 

-M- 

MANUAL SIGNAL 
GENERATOR 

< 3 > 

1 SOLENOID 
L .J ACTUATOR 

ra 

r 7 1 HIGH SIGNAL 
L , J LIMITER 

Ej □ 

T~\ | LOW SIGNAL 

L-LJ LIMITER 

[n 

rrr-i high and low 
L S fi 1 LIMITER 


1 ' ' '1 RESISTANCE TO 

1 1 CURRENT CONV 

r^n 

nn VOLTAGE TO 
L J CURRENT CONV. 

i w i 

1 | PNEUMATIC TO 

L— J CURRENT CONV. 

S 

r-r-| CURRENT TO 
1 1 PNEUMATIC CONV 

H 1 

PNEUMATIC 

OPERATOR 

0*0 

THREE WAY 
SELECTOR VALVE 

DC] 


PROPORŢIONAL 
CONTROL ACTION 

INTEGRAL (RESET) 
CONTROL ACTION 

DERIVATIVE 
CONTROL ACTION 

TIME FUNCTION 
CHARACTERIZER 

UNSPECIFIED OR 
NONLINEAR FUNCTION 
CHARACTERIZER 

QUOTATION 
ITEM NUMBER 

MOUNTED ON THE 
FRONT OF PANEL 

REGULATED 
PROCESS AIR 

NORMALLY CLOSED 
RELAY CONTACT 

ANALOG SIGNAL 
GENERATOR 

ELECTRIC 

MOTOR 

HIGH SIGNAL 
MONITOR 

LOW SIGNAL 
MONITOR 

HIGH AND LOW 
SIGNAL MONITOR 

RESISTANCETO 
VOLTAGE CONV 

CURRENT TO 
VOLTAGE CONV. 

PNEUMATIC TO 
VOLTAGE CONV. 

VOLTAGETO 
PNEUMATIC CONV. 

STEM ACTION 
(GLOBE) VALVE 

ROTARY ACTION 
(BALL) VALVE 
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cent; that is, 0 percent of measurement yields an output pressure of 3 
psi or 20 kPa, 50 percent of measurement yields 9 psi or 60 kPa and 100 
percent yields 15 psi or 100 kPa output. Electronic transmitters pro- 
duce either voltage or current signal outputs. For instance, the output 
of analog transmitters is commonly 4 to 20 mA dc. 

Symbols 

A set of symbols has been adopted to show instrumentation layouts and 
to make these layouts more uniform. Once you become familiar with 
these symbols, it will become easy to visualize the system. 

At present, two sets of symbols are in use. One set is provided by 
the Scientific Apparatus Makers Association (SAMA) and the other by 
Instrument Society of America (ISA). In this book the ISA symbols 
will be used where applicable. Figure 1-7 and Tables 1-2 and 1-3 de- 
scribe the symbols and identific ation letters often used. If you are in- 
volved in the preparation or use of instrument loop diagrams, it is 
suggested that you obtain the publication that defines the standards 
employed. A loop diagram must contain the information needed for 
both engineering and construction. This includes identificat ion, de- 
scription, connections and location, as well as energy sources. 


The Feedback Loop 

The objective of a control system is to maintain a balance between 
supply and demand over a period of time. As noted previously, supply 
and demand are defined in terms of energy or material into (the manipu- 

INSTRU MENT FOR SINGLE MEASURED VARIABLE 

o © 

INSTRUMENT INSTRUMENT 

LOCALLY MOUNTED ON 

MOUNTED BOARD 


NSTRUMENT FOR TWO MEASURED VARIABLES 


O 

INSTRUMENT 

MOUNTED 

BEHIND 

BOARD 

CQ 


Fig. 1-7. Instrument for measured variables. 
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Table 1-3. Meanings of Identification Letters 

FIRST LETTER SUCCEEDING LETTERS 



Measured or 

Readout or 




lnitiating 

Passive 

Output 



Variable 

Modifier Function 

Function 

Modifier 

A 

Analysis 

Al arm 




Bumer flame 

User’s choice 

Uscr’s choice 

User’s choice 


Conductivity 

(electrical) 


Control 


D 

Density (mass) 
or specific 
gravity 

Differential 



E 

Voltage (EMF) 

Primary element 



F 

Flow rate 

Ratio (fraction) 



G 

Gaging 

(dimensional) 

Glass 




Hand (manually 
initiated) 



High 

/ 

Current 

(electrical) 

Indicate 



J 

Power 




K 

Time or time 
schedule 


Control station 


L 

Le vel 

Light (pilot) 


Low 

M 

Moisture or 



Middle or inter- 


humidity 



mediate 

N 

User’s choice 

User’s choice 

User’s choice 

User's choice 

O 

User’s choice 

Orifice 

(restriction) 



P 

Pressure or 

Point (test 




vacuum 

connection) 



Q 

Quantity or 

Integrate or 




event 

totalize 



R 

Radioactivi ty 

Record or prinţ 



S 

Speed or 
frequency 

Safety 

Switch 


T 

Temperat urc 


Transmit 


U 

Multivariable 

Multifunction 

Multifunction 

Multifunction 

V 

Viscosity 


Valve, damper, 
or louver 


w 

Weight or force 

Well 



X 

Unclassified 

Unclassified 

Unclassified 

Unclassified 

Y 

User’s choice 


Relay or compute 


z 

Position 


Drive, actuate 
or unclassified 
final control 
element 




FEEDBACK PROCESS CONTROL 



Fig. 1-8. Heat exchanger. 

lated variable) and out of (the controlled variable) the process. The 
closed-loop control system achieves this balance by measuring the de- 
mand and regulating the supply to maintain the desired balance over 
time. 

The basic idea of a feedback control loop is most easily understood 
by imagining what an operator would have to do if automatic control 
did not exist. Figure 1-8 shows a common application of automatic 
control found in many industrial plants: a heat exchanger that uses 
steam to heat cold water. In manual operation, the amount of steam 
entering the heat exchanger depends on the air pressure to the valve, 
which is set on the manual regulator. To control the temperature manu- 
ally, the operator would watch the indicated temperature, and by com- 
paring it with the desired temperature, would open or close the valve to 
admit more or less steam. When the temperature had reached the de- 
sired value, the operator would simply hold that output to the valve to 
keep the temperature constant. Under automatic control, the tempera- 
ture controller performs the same function. The measurement signal to 
the controller from the temperature transmitter is continuously com- 
pared to the set-point signal entered into the controller. Based on a 
comparison of the signals, the automatic controller can teii whether 
the measurement signal is above or below the set point and move the 
valve accordingly until the measurement (temperature) comes to its 
final value. 

The simple feedback control loop shown in Figure 1-9 illustrates 
the four major elements of any feedback control loop. 
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SET POINT 



CONTROLLED 

VARIABLE 


Fig. 1-9. Feedback control loop. 


1. Measurement must be made to indicate the current value of the 
variable controlled by the loop. Common measurements used in 
industry include flow rate, pressure, level, temperature, analytical 
measurements such as pH, ORP and conductivity; and many oth- 
ers particular to specific industries. 

2. For every process there must be a final actuator that regulates the 
supply of energy or material to the process and changes the mea- 
surement signal. Most often this is some kind of valve, but it might 
also be a belt or motor speed, louver position, and so on. 

3. The kinds of processes found in industrial plants are as varied as 
the materials they produce. They range from the commonplace, 
such as loops to control flow rate, to the large and complex, such 
as distillation columns in the petrochemical industry. Whether 
simple or complex, they all consist of some combination of capac - 
ity resistance and dead time. 

4. The last element of the loop is the automatic controller . Its job is to 
control the measurement. To “control” means to keep the mea- 
surement at a constant, acceptable value. In this chapter, the 
mechanisms inside the automatic controller will not be considered. 
Therefore, the principles to be discussed may be applied equally 
well to both pneumatic and electronic controllers and to the con- 
trollers from any manufacturer. All automatic controllers use the 
same general responses, although the internai mechanisms and the 
definitions given for these responses may differ slightly from one 
another. 
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One basic concept is that for automatic feedback control to exist, 
the automatic control loop must be closed. This means that information 
must be continuously passed around the loop. The controller must be 
able to move the valve, the valve must be able to affect the measure- 
ment, and the measurement signal must be reported to the controller. If 
this path is broken at any point, the loop is said to be open. As soon as 
the loop is opened— for example, when the automatic controller is 
placed on manual— the automatic unit in the controller is no longer able 
to move the valve. Thus, signals from the controller in response to 
changing measurement conditions do not affect the valve and automatic 
control does not exist. 

Feedback Control 

Several principles associated with feedback control can be observed by 
considering a familiar control situation — adj u sting the temperature of 
water in a bathtub. This is obviously a manually controlled system. 
One hand feels the water in the tub while the other manipulates the 
inflow to reach the desired temperature. If a thermometer were used to 
measure the temperature, greater accuracy would result. Improved 
measurement generally results in improved control. 

The bathtub also illustrates the important effect of process capac- 
ity. Capacity (Figure 1-2) is a measure of the amount of energy it takes 
to change a system a unit amount; thermal capacity is Btu/°F, or the 
amount of heat required to increase the temperature 1°F. Since the 
bathtub has a large capacity, it can be controlled in any of several 
ways — by partially filling the tub with cold water, for example, and 
then adding enough hot water to reach the desired temperature; or by 
mixing the hot and cold to get the same result. 


Controlling the Process 

In performing the control function, the automatic controller uses the 
difference between the set-point and the measurement signals to de- 
velop the output signal to the valve. The accuracy and responsiveness 
of the se signals is a basic limitation on the ability of the controller to 
control the measurement correctly. If the transmitter does not send an 
accurate signal, or if there is a lag in the measurement signal, the ability 
of the controller to manipulate the process will be degraded. At the 
same time, the controller must receive an accurate set-point signal. In 
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controllers using pneumatic or electronic set-point signals generated 
within the controller, miscalibration of the set-point transmitter will 
develop the wrong value. The ability of the controller to position the 
valve accurately is yet another limitation. If there is friction in the 
valve, the controller may not be able to move the valve to a specific 
stern position to produce a specific flow, and this will appear as a 
difference between measurement and set point. Repeated attempts to 
position the valve exactly may lead to hunting in the valve and in the 
measurement. Or, if the controller is able only to move the valve very 
slowly , the ability of the controller to control the process will be de- 
graded. One way to improve the response of control valves is to use a 
valve positioner, which acts as a feedback controller to position the 
valve at the exact position corresponding to the controller output sig- 
nal. However, positioners should be avoided in favor of volume boo- 
sters on fast-responding loops such as flow and liquid pressure. 

For proper process control, the change in output from the control- 
ler must be in such a direction as to oppose any change in the mea- 
surement value. Figure 1-10 shows a direct-connected valve to control 


INLET FLOW 



Fig. 1-10. In proporţional control, the controlling valve’ s position is proporţional to the 
controlled variable (le vel). 
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le vel in a tank at midscale. As the le vel in the tank rises, the float acts to 
reduce the flow rate coming in. Thus, the higher the liquid level, the 
more the flow will be reduced. In the same way, as the level falls, the 
float will open the valve to add more liquid to the tank. The response of 
this system is shown graphically. As the level moves from 0 to 100 
percent, the valve moves from fully open to fully closed. The function 
of an automatic controller is to produce this kind of opposing response 
over varying ranges. In addition, other responses are available to con- 
trol the process more efficiently. 

Selecting Controller Action 

Depending on the action of the valve, increases in measurement may 
require either increasing or decreasing outputs for control. AII control- 
lers can be switched between direct and reverse action. Direct action 
means that, when the controller sees an increasing signal from the 
transmitter, its output will increase. For reverse action, increasing 
measurement signals cause the controller output to decrease. To de- 
termine which of these responses is correct, an analysis of the loop is 
required. The first step is to determine the action of the valve. 

In Figure 1-1, for safety reasons the valve must shut if there is a 
failure in the plant air supply. Therefore, this valve must be air-to- 
open, or fail-closed. Second, consider the effect of a change in mea- 
surement. For increasing temperature, the steam flow to the heat ex- 
changer should be reduced; therefore, the valve must close. To close 
this valve, the signal from the automatic controller to the valve must 
decrease. Therefore, this controller requires reverse, or increase/ 
decrease, action. If direct action is selected, increasing signals from the 
transmitter will result in a larger steam flow, causing the temperature to 
increase further. The result would be a runaway temperature. The 
same thing will occur on any decrease in temperature, causing a falling 
temperature. Incorrect selection of the action of the controller always 
results in an unstable control loop as soon as the controller is put into 
automatic. 

Assuming that the proper action is selected on the controller, how 
does the controller know when the proper output has been reached? In 
Figure 1-10, for example, to keep the level constant, a controller must 
manipulate the flow in to equal the flow out. Any difference will cause 
the level to change. In other words, the flow in, or supply, must balance 
the flow out, or demand. The controller performs its job by maintaining 
this balance at a steady rate, and acting to restore this balance between 
supply and demand whenever it is upset. 
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Upsets 

There are three conditions that require different flows to maintain the 
level in the tank. First, if the position of the output hand valve is 
opened slightly, more flow leaves the tank, causing the level to fall. 
This is a change in demand, and to restore balance, the inlet flow valve 
must be opened to supply a greater flow rate. A second type of unbal- 
anced condition is a change in the set point. Maintaining any other level 
besides midscale in the tank causes a different flow out. This change in 
demand requires a different input valve position. The third type of 
upset is a change in the supply. If the pressure output of the pump 
increases, even though the inlet valve remains in the same position, the 
increased pressure causes a greater flow, which at first causes the level 
to begin to rise. Sensing the increased measurement, the level control- 
ler must close the valve on the inlet to hold the level at a constant value. 
In the same way, any controller applied to the heat exchanger shown in 
Figure 1-1 must balance the supply of heat added by the steam with the 
heat removed by the water. The temperature remains constant if the 
flow of heat in equals the flow of heat out. 


Process Characteristics and Controllability 

The automatic controller uses changes in the position of the final ac- 
tuator to control the measurement signal, moving the actuator to op- 
pose any change it sees in the measurement signal. The controllability 
of any process depends on the efficiency of the measurement signal 
response to these changes in the controller output. For proper control, 
the measurement should begin to respond quickly, but then not change 
too rapidly. Because of the tremendous number of applications of au- 
tomatic control, characterizing a process by what it does, or by indus- 
try, is an almost hopeless task. However, all processes can be de- 
scribed by the relationship between their inputs and outputs, Figure 
1-11 illustrates the temperature response of the heat exchanger when 
the control valve is opened by manually increasing the controller out- 
put signal. 

At first, there is no immediate response at the temperature indica- 
tion. Then the temperature begins to change, steeply at first, then ap- 
proaching a final, constant level. The process can be characterized by 
the two elements of its response. The first element is the dead time, or 
the time before the measurement begins to respond. In this example, a 
delay arises because the heat in the steam must be conducted to the 
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Fig. 1-11. Response of heat exchanger to step upset. 


water before it can affect the temperatura, and then to the transmitter 
before the change can be seen. Dead time is a function of the physical 
dimensions of a process and such things as belt speeds and mixing 
rates. Second, the capacity of a process is the material or energy that 
must enter or leave the process to change the measurements — for ex- 
ample, the gallons necessary to change level, the Btu’s necessary to 
change temperatura, or the standard cubic feet of gas necessary to 
change pressure. The measure of a capacity is its response to a step 
input. Specifically, the size of a capacity is measured by its time con- 
stant, which is defined as the time necessary to complete 63 percent of 
its total response. The time constant is a function of the size of the 
process and the rate of material or energy transfer. For this example, 
the larger the tank and the smaller the flow rate of the steam, the longer 
the time constant. These numbers can be as short as a few seconds, or 
as long as several hours. Combined with dead time, they define the time 
it takes the measurement signal to respond to changes in the valve 
position. A process will begin to respond quickly, but then not change 
too rapidly, if its dead time is small and its capacity is large. In short, 
the larger the time constant of capacity compared to the dead time, the 
better the controllability of the process. 


Controller Responses 

The first and most basic characteristic of the controller response has 
been shown to be either direct or reverse action. Once this distinction 
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has been made, several types of responses are used to control a pro- 
cess. These are (1) on/off, two-position, control, (2) proporţional ac- 
tion, (3) integral action (reset), and (4) derivative action. 

On/off Control 

On/off control is illustrated in Figure 1-12 for a reverse-acting controller 
and an air-to-close valve. An on/off controller has only two outputs, 
either full maximum or full minimum. For this system, it has been 
determined that, when the measurement falls below the set point, the 
valve must be closed to cause it to increase. Thus, whenever the signal 
to the automatic controller is below the set point, the controller output 
will be 100 percent. As the measurement crosses the set point, the 
controller output goes to 0 percent. This eventually causes the mea- 
surement to decrease, and as the measurement again crosses the set 
point, the output goes to maximum. This cycle will continue in- 
definitely because the controller cannot balance the supply against the 
load. This continuous oscillation may or may not be acceptable, de- 
pending on the amplitude and length of the cycle. Rapid cycling causes 
frequent upsets to the plant supply system and excessive valve wear. 
The time of each cycle depends on the dead time in the process because 
the dead time determines the time it takes for the measurement signal 
to reverse its direction once it crosses the set point and the output of 
the controller changes. The amplitude of the signal depends on how 
rapidly the measurement signal changes during each cycle. On large 
capacity processes, such as temperature vats, the large capacity causes 
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Fig. 1-12. On-off control for reverse-acting controller and air-to-close valve. 
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Fig. 1-13. Automatic controller with artificial signal. 


a long time constant. Therefore, the measurement can change only 
slowly. As a result, the cycle occurs within a very narrow bând around 
the set point, and this control may be quite acceptable, if the cycle is 
not too rapid. The on/off control is the one used most frequently in 
commercial and domestic installations. However, if the process mea- 
surement is more responsive to changes in the supply, the amplitude 
and frequency of the cycle begins to increase. At some point, this cycle 
will become unacceptable and some form of proporţional control will 
be required. 

In order to study the remaining three modes of automatic control, 
open-loop responses will be used. Open-loop means that only the re- 
sponse of the controller will be considered. Figure 1-13 shows an auto- 
matic controller with an artificial signal from a manual regulator intro- 
duced as the measurement. The set point is introduced normally and 
the output is recorded. With this arrangement, the specific controller 
responses to any desired change in measurement can be observed. 

Proporţional Action 

Proporţional response is the basis for the three-mode controller. If the 
other two, integral and derivative are present, they are added to the 
proporţional response. “Proporţional” means that the percent change 
in the output of the controller is some multiple of the percent change in 
the measurement. 

This multiple is called the “gain” of the controller. For some con- 
trollers, proporţional action is adjusted by such a gain adjustment, 
while for others a “proporţional bând” adjustment is used. Both have 
the same purposes and effect. (See Appendix for table showing the 
controller adjustments from one manufacturer to another.) Figure 1-14 
îllustrates the response of a proporţional controller from an input/ 
output pointer pivoting on one of three positions. With the pivot in the 
center between the input and the output graph, 100 percent change in 
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Fig. 1-14. Response of proporţional controller, input to output, for three proporţional 
bând values. 


measurement is required to obtain 100 percent change in output, or full 
valve travel. A controller adjusted to respond in this way is said to have 
a 100 percent proporţional bând. When the pivot is moved to the right- 
hand position, the measurement input would need to change by 200 
percent in order to obtain full output change from 0 to 100 percent. This 
is c'alled a 200 percent proporţional bând. Finally, if the pivot were in 
the left-hand position, and if the measurement moved over only 50 
percent of the scale, the output would change over 100 percent of the 
scale. This is called a 50 percent proporţional bând. Thus, the smaller 
the proporţional bând, the smaller amount the measurement must 
change to cause full valve travel. In other words, the smaller the pro- 
porţional bând, the greater the output change for the same size mea- 
surement change. This relationship is illustrated in Figure 1-15. This 
graph shows how the controller output will respond as a measurement 



Fig. 1-15. Proporţional diagram. 
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deviates from set point. Each line on the graph represents a particular 
adjustment of the proporţional bând. Two basic properties of propor- 
ţional control can be observed from this graph: 

1. For every value of proporţional bând, whenever the measurement 
equals the set point, the normal output is 50 percent. 

2. Each value of the proporţional bând defines a unique relationship 
between measurement and output. For every measurement value 
there is a specific output value. For example, using the 100 percent 
proporţional bând line, whenever the measurement is 25 percent 
above the set point, the output from the controller must be 25 
percent. The output from the controller can be 25 percent only if 
the measurement is 25 percent above the set point. In the same 
way, whenever the output from the controller is 25 percent, the 
measurement will be 25 percent above the set point. In short, there 
is one specific output value for every measurement value. 

For any process control loop, only one value of the proporţional 
bând is the best. As the proporţional bând is reduced, the controller 
response to any change in measurement becomes increasingly greater. 
At some point, depending on the characteristic of each particular pro- 
cess, the response in the controller will be large enough to drive the 
measurement back so far in the opposite direction as to cause constant 
cycling of the measurement. This proporţional bând value, known as 
the ultimate proporţional bând, is a Urnit on the adjustment of the 
controller in that loop. On the other hand, if too wide a proporţional 
bând is used, the controller response to any change in measurement is 
too small and the measurement is not controlled as tightly as possible. 
The determination of the proper proporţional bând for any application 
is part of the tuning procedure for that loop. Proper adjustment of the 
proporţional bând can be observed by the response of the measurement 
to an upset. Figure 1-16 shows several examples of varying the propor- 
ţional bând for the heat exchanger. 

Ideally, the proper proporţional bând will produce one-quarter am- 
plitude damping, in which each half cycle is one-half the amplitude of 
the previous half cycle. The proporţional bând that will cause one- 
quarter wave damping will be smaller, thereby yielding tighter control 
over the measured variable, as the dead time in the process decreases 
and the capacity increases. 

One consequence of the application of proporţional control to the 
basic control loop is offset. Offset means that the controller will main- 
tain the measurement at a value different from the set point. This is 
most easily seen in Figure 1-10. Note that if the load valve is opened, 
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Fig. 1-16. Examples of varying proporţional bând for heat exchanger. 


flow will increase through the valve and the valve would have to open. 
But note that, because of the proporţional action of the linkage, the 
increased open position can be achieved only at a lowered le vel. Stated 
another way, in order to restore balance between the flow in and the 
flow out, the level must stabilize at a value below the set point. This 
difference, which will be maintained by the control loop, is called 
offset, and is characteristic of the application of proportional-only con- 
trol to feedback loops. The acceptability of proportional-only control 
depends on whether this offset can be tolerated. Since the error neces- 
sary to produce any output decreases with the proporţional bând, the 
narrower the proporţional bând, the less the offset. For large capacity, 
small dead time applications accepting a very narrow proporţional 
bând, proportional-only control will probably be satisfactory, since the 
measurement will remain within a small percentage bând around the set 
point. 

If it is essential that there be no steady state difference between 
measurement and set point under all load conditions, an additional 
function must be added to the controller. This function is called integral 
action (an older term is reset). 

Integral Action (Reset) 

The open-loop response of the integral mode is shown in Figure 1-17, 
which indicates a step change in the artificial measurement away from 
the set point at some instant in time. As long as the measurement 
remains at the set point, there is no change in the output due to the 
integral mode in the controller. However, when any error exists be- 
tween measurement and set point, the integral action will cause the 
output to begin to change and continue to change as long as the error 
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Fig. 1-17. Open-loop response of integral mode. 


exists. This function, then, causes the output to change until the proper 
output is achieved in order to hold the measurement at the set point at 
various loads. This response is added to the proporţional response of 
the controller as shown in Figure 1-17. The step change in the mea- 
surement first causes a proporţional response, and then an integral 
response, which is added to the proporţional. The mo re integral action 
there is in the controller, the more quickly the output changes due to 
the integral response. The integral adjustment determines how rapidly 
the output changes as a function of time. Among the various controllers 
manufactured, the amount of integral action is measured in one of two 
ways — either in minutes per repeat, or the number of repeats per min- 
ute. For controllers measuring integral action in minutes per repeat, 
the integral time is the amount of time necessary for the integral mode 
to repeat the open-loop response caused by proporţional mode, for a 
step change in error. Thus, for these controllers, the smaller the inte- 
gral number, the greater the action of the integral mode. On controllers 
that measure integral action in repeats per minute, the adjustment indi- 
cates how many repeats of the proporţional action are generated by the 
integral mode in one minute. Table 12-1 (p. 300) relates the controller 
adjustments from one manufacturer to another. Thus, for these control- 
lers, the higher the integral number, the greater the integral action. 
Integral time is shown in Figure 1-18. The proper amount of integral 
action depends on how fast the measurement can respond to the addi- 
tional valve travel it causes. The controller must not drive the valve 
faster than the dead time in the process allows the measurement to 
respond, or the valve will reach its limits before the measurement can 
be brought back to the set point. The valve will then remain in its 
extreme position until the measurement crosses the set point, where- 
upon the controller will drive the valve to its opposite extreme, where it 
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Fig. 1-18. Open-loop response of proporţional plus integral modes. 


will remain until the measurement crosses the set point in the opposite 
direction. The result will be an integral cycle in which the valve travels 
from one extreme to another as the measurement oscillates around the 
set point. When integral action is applied in controllers on batch pro- 
cesses, where the measurement is away from the set point for long 
periods between batches, the integral may drive the output to its maxi- 
mum, resulting in “integral wind-up.” When the next batch is started, 
the output will not come off its maximum until the measurement 
crosses the set point, causing large overshoots. This problem can be 
prevented by including a “batch function” in the controller, a function 
specifically designed to prevent “wind-up.” 


Derivative Action 

The third response found on controllers is the derivative mode. 
Whereas the proporţional mode responds to the size of the error and 
the integral mode responds to the size and time duration of the error, 
the derivative mode responds to how quickly the error is changing. In 
Figure 1-19, two derivative responses are shown. The first is a response 
to a step change of the measurement away from the set point. For a 
step, the measurement is changing infinitely fast, and the derivative 
mode in the controller causes a considerable change or spike in the 
output, which dies immediately because the measurement has stopped 
changing afiter the step. The second response shows the response of the 
derivative mode to a measurement that is changing at a constant rate. 
The derivative output is proporţional to the rate of change of this error. 
The greater the rate of change, the greater the output due to the deriva- 
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Fig. 1-19. Two derivative responses. 



tive response. The derivative holds this output as long as the measure- 
ment is changing. As soon as the measurement stops changing, regard- 
less of whether it is at the set point, above or below it, the response due 
to derivative action will cease. Among all brands of controllers, deriva- 
tive response is commonly measured in minutes, as shown in Figure 
1-20. The derivative time in minutes is the time that the open-loop, 
proportional-plus-derivative response, is ahead of the response due to 
proporţional action alone. Thus, the greater the derivative number, the 
greater the derivative response. Changes in the error are the result of 
changes in either the set point or the measurement, or both. To avoid a 
large output spike caused by step changes in the set point, most mod- 
em controllers apply derivative action only to ehanges in the measure- 
ment. Derivative action in controllers helps to control processes with 
especially large time constants. Derivative action is unnecessary on 



Fig. 1-20. Open-loop response of proporţional plus derivative modes. 
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processes that respond fairly quickly to valve motion, and cannot be 
used at all on processes with noise in the measurement signal, such as 
flow, since the derivative in the controller will respond to the rapid 
changes in measurement it sees in the noise. This will cause large and 
rapid variations in the controller output, which will keep the valve 
constantly moving up and down, wearing the valve and causing the 
measurement to cycle. 

As previously described, the response of an element is commonly 
expressed in terms of a time constant, defined as the time that will 
elapse until an exponenţial curve reaches 63.2 percent of a step change 
in input. Although the transmitter does not have an exact exponenţial 
response, the time constant for the pneumatic temperature transmitter 
and its associated thermal System is approximately 2 seconds. 

The reaction curve shown in Figure 1-21 incorporates the response 
of the heat exchanger and measuring system, and it represents the 
signal that will actually reach the controller. This curve indicates that, 
given a sudden change inside the heat exchanger, more than 30 seconds 
will elapse before the controller receives a signal that is a true represen- 
tation of that change. From the reaction curve, or characteristic, we 
can determine the type of controller required for satisfactory control 
under this difficult, but common, delayed response characteristic. 

Selecting the Controller 

The heat exchanger acts as a small-capacity process; that is, a small 
change in steam can cause a large change in temperature. Accurate 



Fig. 1-21. The process reaction curve is obtained by imposing a step change at input. 
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regulation of processes such as this calls for proporţional rather than 
on/off control. 

Variations in water rate cause load changes that produce offset, as 
described previously. Thus, the integral mode should also be used. 

Whether or not to include the derivative mode requires additional 
investigation of the process characteristic. Referring to the reaction 
curve (Figure 1-19), notice that the straight line tangent to the curve at 
the point of inflection is continued back to the 150°F or 66°C (starting) 
level. The time interval between the start of the upset and the intersec- 
tion of the tangenţial line is marked T A ; the time interval from this point 
to the point of inflection is T B . If T B exceeds T Â , some derivative aetion 
will prove advantageous. If T B is less than T A , derivative aetion may 
lead to instability because of the lags involved. 

The reaction curve of Figure 1-21 clearly indicates that some de- 
rivative will improve control aetion. Thus, a three-mode controller with 
proporţional, integral, and derivative modes satisfies the needs of the 
heat exchanger process. 

Figure 1-22 shows the combined proporţional, integral, and deriva- 



Fig. 1-22. Open-loop response of three-mode controller. 
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tive responses to a simulated heat exchanger temperature measurement 
that deviates from the set point due to a load change. When the mea- 
surement begins to deviate from the set point, the first response from 
the controller is a derivative response proporţional to the rate of change 
of measurement that opposes the movement of the measurement away 
from the set point. This derivative response is combined with the pro- 
porţional response. In addition, as the integral mode in the controller 
sees the error increase, it drives the valve further still. This action 
continues until the measurement stops changing, at which point the 
derivative response ceases. Since there is still an error, the measure- 
ment continues to change due to integral action, until the measurement 
begins to move back toward the set point. As soon as the measurement 
begins to move back toward the set point, there is a derivative response 
proporţional to the rate of change in the measurement opposing the 
return of the measurement toward the set point. The integral response 
continues, because there is still error, although its contribution de- 
creases with the error. Also, the output due to proporţional is changing. 
Thus, the measurement comes back toward the set point. As soon as 
the measurement reaches the set point and stops changing, derivative 
response again ceases and the proporţional output returns to 50 per- 
cent. With the measurement back at the set point, there is no longer any 
changing response due to integral action. However, the output is at a 
new value. This new value is the result of the integral action during the 
time that the measurement was away from the set point, and compen- 
sates for the load change that caused the original upset. 


Conclusion 

This chapter has described the responses of a three-mode controller 
when it is used in the feedback control of industrial measurements. The 
reader should have a clear understanding of the folio wing points: 

1. In order to achieve automatic control, the control loop must be 
closed. 

2. In order to maintain a stable feedback control loop, the most im- 
portant adjustment to the controller is the selection of the proper 
action, either reverse or direct, on the controller. Proper selection 
of this action will cause the controller output to change in such a 
way that the movement of the valve will oppose any change in the 
measurement seen by the controller. 

3. The proper value of the settings of the proporţional bând, the in- 
tegral mode, and derivative time depends on the characteristics of 
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the process. The proporţional bând is the basic tuning adjustment on 
the controller. The more narrow the proporţional bând, the mo re 
the controller reacts to changes in the measurement. If too narrow 
a proporţional bând is used, the measurement cycles excessively. 
If too wide a proporţional bând is used, the measurement will 
wander and the offset will be too large. 

4. The function of the integral mode is to eliminate offset. If too much 
integral action is used, the result will be an oscillation of the mea- 
surement as the controller drives the valve from one extreme to the 
other. If too little integral action is used, the measurement will 
retum to the set point too slowly. 

5. The derivative mode opposes any change in the measurement. Too 
little derivative action has no significant effect. Too much deriva- 
tive action causes excessive response of the controller and cycling 
in the measurement. 


Questions 

1-1. AII control systems that fit into the usual pattern are: 

a. Open-loop c. Closed-loop 

b. Nonself-regulating d. On/off 

1-2. If operating properly, automatic control will always: 

a. Reduce manpower 

b. Reduce costs 

c. Make the process operate more uniformly 

d. Decrease maintenance 

1-3. Automatic controllers operate on the difference between set point and 
measurement, which is called: 

a. Offset c. Error 

b. Bias d. Feedback 

1-4. A two-position controller (on/off) always: 

a. Controls with a fixed offset 

b. Controls around a point 

c. Automatically adjusts its integral time 

d. Requires precise tuning 

1-5. Gain and proporţional bands are: 

a. Reciprocally related 

b. Two different control modes 

c. Adjusted independently of one another 

d. Controller functions calibrated in time units 



INTRODUCTION TO PROCESS CONTROL 31 


1-6. When we adjust integral time in a controller: 

a. We determine an RC time constant in the controller’ s internai feedback 
path 

b. We adjust the time it will take for integral to equal derivative 

c. We set the process time constant so that it will always equal 1 

d. What happens specifically depends on the type of controller, pneumatic 
or electronic 

1-7. Match the following: 


Controller, two-position * 

a. 

Gain 

Derivative 

b. 

Rate 

Deviation 

c. 

Integral 

Final-controlling element 

d. 

Controller, on/oflf 

Proporţional bând 

e. 

Valve 

adjustment 

f. 

Desired value 

Regulated by control valve 

g* 

Manipulated variable 

Reset 

h. 

Error 


Set point 

1-8. A proporţional controller will have an offset difference between set 
point and control point: 

a. At all times 

b. Equal to the proporţional bând setting 

c. That depends upon process load 

d. That will eventually vanish 

1-9. If it were possible for a proporţional controller to have a true 0 percent 
proporţional bând, the controller gain would have to be: 

a. Unity c. 100 

b. 0 d. Infinite 


1-10. If the proporţional bând of the controller is adjusted to minimum 
possible value, the control action is likely to be: 

a. On/ofif c. Excellent 

b. With maximum offset d. Inoperative 


1-11. The following symbol (£c) 
represents a: 

a. Flow rate controller 

b. Fixed control point 


appears in an instrument diagram. It 

c. Frequency converter 

d. Final control element 


1-12. With a proportional-only controller if measurement equals set point, the 
output will be: 

a. 0 c. 50 percent 

b. 100 percent d. Impossible to define 


1-13. If in a proportional-plus-integral controller measurement is away from 
the set point for a iong period, the controller’s output will be: 



32 FEEDBACK PROCESS CONTROL 


a. 0 or 100 percent, depending on action selected 

b. Unknown 

c. 0 

d. 100 percent 

1-14. In the modem controller, derivative action is applied only to the: 

a. Error c. Set point 

b. Measurement d. Integral circuit 

1-15. The function of the integral (reset) mode is to: 

a. Oppose change in measurement 

b. Automatically adjust the controller’ s gain 

c. Eliminate offset 

d. Stabilize the control loop 



Process/Pressure Measuring 
Instruments 


Pressure is a universal processing condition. It is also a condition of life 
on this planet: we live at the bottom of an atmospheric ocean that 
extends upward for many miles. This mass of air has weight, and this 
weight pressing downward causes atmospheric pressure. Water, a fun- 
damental necessity of life, is supplied to most of us under pressure. In 
the typical process plant, pressure influences boiling point tempera- 
tures, condensing point temperatures, process efficiency, costs, and 
other important factors. The measurement and control of pressure, or 
lack of it — vacuum — in the typical process plant is criticai. Instruments 
are available to measure a wide range of pressures. How these instru- 
ments function is the subject of this chapter. 


What Is Pressure? 

Pressure is force divided by the area over which it is applied. Pressure 
is often defined in terms of “head.” For example, assume that we have 
a water column 1 foot square and 23 feet tall. We want to find the 
pressure in the bottom of the column. The weight of the column may be 
calculated by first finding the volume of water. This is the area of the 
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base multiplied by height, or 1 times 23 equals 23 cubic feet. Water 
weighs 62.43 pounds per cubic foot. So the weight of 23 cubic feet will 
be 23 times 62.43, or 1,435.89 pounds. The area of the base is 1 square 
foot, or 12 inches times 12 inches, or 144 square inches. The pressure 
equals 1,434.89 divided by 144 equals 9.9715, or approximately 10 
pounds per square inch. In practice, we find that only the height of the 
water counts. It may be present in a small pipe or beneath the surface 
of a pond. In any case, at a depth of 23 feet, the pressure will amount to 
approximately 10 pounds per square inch. If in your home the water 
pressure is 50 pounds per square inch and the system uses a gravity 
feed, the water tank, or reservoir, holds the water at a height of 50 
divided by 10, or 5 times 23 equals 115 feet above the point where the 
pressure measurement is made. Head and pressure, then, may mean 
the same thing. We must be able to convert from one to the other. You 
may encounter reference to inches of mercury for pressure measure- 
ment. Mercury is 13.596 times as heavy as an equal volume of water. 
Therefore, a head of mercury exerts a pressure 13.596 times greater than 
an equivalent head of water. Because it is hazardous, mercury no 
longer is used commonly in manometers. 

The head or pressure terms cited thus far are called, collectively, 
“gauge pressure.” For example, if a tire gauge is used to check the 
pressure in your automobile tires, it measures gauge pressure. Gauge 
pressure makes no allowance for the fact that on earth we exist under a 
head of air, or an atmosphere. The height of this head of air varies with 
elevation, and also to some degree with weather conditions. If you ride 
an elevator from the bottom to the top floor of a tall building, you will 
likely feel your ears “pop.” This is caused by the change in atmos- 
pheric pressure. 

A simple method of measuring atmospheric pressure would be to 
take a length of small diameter (0.25 inches) glass tubing about 35 
inches long, sealed at one end. Fiii the tube entirely with mercury and 
temporarily seal the end. Invert this end into a deep dish of mercury 
and remove the seal. The result will be a column of mercury as shown 
in Figure 2-1 with some space remaining at the top. Atmospheric 
pressure on the surface of the exposed mercury will balance the height 
of mercury in the tube and prevent it from running out of the tube. The 
height of the mercury above the level in the dish is, then, a measure of 
atmospheric pressure. At sea level, this would amount to approxi- 
mately 29.9 inches, or 14.7 pounds per square inch. When the effect of 
the atmosphere is included in our measurement, we then must use 
absolute pressure (gauge pressure plus atmospheric pressure). 
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Fig. 2-1. Mercury barometer. 


Units of Measurement 

Every major country has adopted its own favorite units of measure- 
ment. The United States has traditionaUy employed the English Sys- 
tem. However, internaţional trade has made it necessary to standardize 
units of measurement throughout the world. Fortunately, during this 
standardization, there has been rationalization of the measurement Sys- 
tem. This has led to the adoption of the System International d’Unites 
(SI), a metric system of units. The force of common usage is so strong 
that the familiar English system will undoubtedly persist for many 
years, but the changeover is definitely underway. The time will soon 
come when process industries will deal exclusively with SI units. 


Pressure Measurement 

Perhaps the area that has caused the most concern in the change to SI 
units is pressure measurement. The new unit of pressure, the pascal, is 
unfamiliar even to those who have worked in the older CGS (centime- 
tre, gram, second) metric system. Once it is accepted and understood, 
it will lead to a great simplification of pressure measurement from the 
extremes of full vacuum to ultrahigh pressure. It will reduce the multi- 
plicity of units now common in industry to one standard that is compati- 
ble with other measurements and ealculations. To understand the pas- 
cal and its relationship to other units of pressure measurement, we 
must retum to a basic understanding of pressure. 

As noted previously, pressure is force per unit area. 
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From Newton’s laws, force is equal to mass times acceleration. In 
the English system, the distinction between mass and force became 
blurred with common usage of terms such as weight and mass. We live 
in an environment in which every object is subject to gravity. Every 
object is accelerated toward the center of the earth, unless it is re- 
strained. The force acting on each object is proporţional to its mass. In 
everyday terms this force is called the weight of the object. 

W = m G 
where: 

W = weight of the object 

m = its mass 

G = acceleration due to gravity 

Because gravity on the earth’ s surface is roughly constant, it has 
been easy to talk about a weight of 1 pound and a mass of 1 pound 
interchangeably . However, in fact, force and mass, as quantities, are as 
different as apples and pears, as the astronauts have observed. A num- 
ber of schemes have been devised to overcome this problem. For ex- 
ample, a quantity called the pound-force was invented and made equal 
to the force on a mass of one pound under a specified acceleration due 
to gravity. The very similarity between these two units led to more 
confusion. The pascal, by its definition, removes all these problems. 


The Pascal 

The SI unit of pressure is defined as the pressure or stress that arises 
when a force of one newton (N) is applied uniformly over an area of one 
square metre (m 2 ). This pressure has been designated one pascal (Pa). 

Thus, Pa = N/m 2 . This is a small unit, but the kilopascal (KPa), 
1,000 pascals, and the megapascal (MPa), one million pascals, permit 
easy expression of common pressures. The definition is simple, be- 
cause gravity has been eliminated. The pascal is exactly the same at 
every point, even on the moon, despite changes in gravitaţional accel- 
eration. 

In SI units, the unit of force is derived from the basic unit for mass, 
the kilogram (kg), and the unit of acceleration (metres per second per 
second, m/s 2 ). The product of mass times acceleration is force and is 
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designated in newtons. One newton would be the force of one kilogram 
accelerating at one metre per second per second (N = kg • m/s 2 ). 

Bar versus Pascal 

After the introduction of SI units, the use of the “bar” (10 5 Pa) gained 
favor, especially in European industry, where it closely resembles the 
CGS unit of kg/cm 2 (kilograms per square centimetre). At that time, the 
SI unit was called the “newton per square metre.” As well as being 
quite a mouthful, it was found to be inconveniently small (one N/m 2 
equals 0.000145 psi). The use of the millibar in meteorology lent weight 
to the acceptance of the bar. However, the use of a multiple like (IO 5 ) in 
such an important measurement and the resulting incompatibility of 
stress and pressure units led to the adoption of the N/m 2 , giving it a new 
name, the pascal (Pa), in October 1971. The kilopascal (kPa), 1,000 
pascals, equals 0.145 psi and most common pressures are thus ex- 
pressed in kPa. The megapascal (mPa) equals 145 psi and is convenient 
for expressing high pressures. 

Gauge, Absolute, and Differential Pressure 

The pascal can be used in exactly the same way as the English or CGS 
metric units. The pascal may be regarded as a “measuring gauge,” the 
size of which has been defined and is constant. This gauge can be used 
to measure pressure quantities relative to absolute vacuum. Used in 
this way, the results will be in pascal (absolute). The gauge may also be 
used to measure pressures relative to the prevailing atmospheric 
pressure, and the results will be pascal (gauge). If the gauge is used to 
measure the difference between pressures, it becomes pascal (differen- 
tial). 

The use of gauge pressure is extremely important in industry, since 
it is a measure of the stress within a vessel and the tendency of fluids to 
leak out. It is really a special case of differential pressure measurement, 
inside versus outside pressure. Where there is any doubt about whether 
a pressure is gauge, differential, or absolute, it should be specified in 
full. However, it is common practice to show gauge pressure without 
specifying, and to specify by saying “absolute” or “differential” only 
for absolute or differential pressures. The use of “g” as in psig is 
disappearing, and the use of “a” as in psia is frowned upon. Neither g 
nor a is recognized in SI unit symbols. However, AP is recognized for 
differential pressure in all units. 
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Understanding the Effects of Gravity 

Before discussing the effects of gravity on pressure measurement, it is 
well to keep in mind the size of error that can arise if gravity is regarded 
as constant. 

The “standard” gravitaţional acceleration is 9.806650 m/s 2 . This is 
an arbitrary figure selected as a near average of the actual acceleration 
due to gravity found all over the earth. The following are typical values 
at different places: 

Melboume (Australia) 9.79966 m/s 2 

Foxboro (USA) 9.80368 m/s 2 

Soest (The Netherlands) 9.81276 m/s 2 

Hence the difference around the world is approximately ±0.1 per- 
cent from the average. This is of little practicai importance in industrial 
applications. However, with some transmitters being sold with a rated 
accuracy of ±0.25 percent, it is well to consider the effect of a gravity- 
induced difference of more than half the tolerance that can arise if the 
transmitter was calibrated in Europe and tested in Australia. 

Gravity-Dependent Units 

Units such as psi, kg/cm 2 , inches of water, and inches of mercury (Hg) 
are all gravity dependent. The English unit pounds per square inch (psi) 
is the pressure generated when the force of gravity acts on a mass of 
one pound distributed over one square inch. Consider a dead weight 
tester and a standard mass of one pound which is transported around 
the earth’ s surface: the pressure at each point on the earth will vary as 
the gravitaţional acceleration varies. The same applies to units such as 
inches of water and inches of mercury. The force at the bottom of each 
column is proporţional to the height, density, and gravitaţional acceler- 
ation. 

Dead weight testers are primary pressure standards. They generate 
pressure by applying weight to a piston that is supported by a fluid, 
generally oii or air. By selecting the weights and the cross-sectional 
area of the piston, the pressure generated in any gravity field can be 
calculated. Therefore, dead weight testers are gravity dependent. For 
accurate laboratory work, the gravity under which the tester was cali- 
brated and that at the place of use must be taken into account. Similarly , 
the pressure obtained by a certain height of fluid in a manometer de- 
pends on density and gravity. These fac tors must be corrected for the 
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existing conditions if precision results are to be obtained. Factors given 
in the conversion tables in the Appendix, it should be noted, deal with 
units of force, not weight. Dead weight testers will be discussed in 
more de t aii later in this chapter. 

Gravity-lndependent Units 

While gravity plays no part in the defini tion of the pascal, it has the 
same value wherever it is measured. Units such as pounds-force per 
square inch and kilogram-force per square centimetre are also indepen- 
dent of gravity because a specific value of gravitaţional acceleration 
was selected in defining these units. 

Under equal gravity conditions, the pound-mass and pound-force 
are numerically equal (which is the cause of considerable confusion). 
Under nonstandard gravity conditions (the usual case), correction fac- 
tors are required to compensate for the departure from standard. It 
should be noted that the standard value of actual gravity acceleration is 
not recognized as such in the SI unit system, where only the SI unit of 
acceleration of one metre per second per second is used. In the future, 
only the measured actual gravity at the location of measurement (G) 
will be used when gravity plays a part in the system under investiga- 
tion. The pascal is a truly gravity-independent unit and will be used to 
avoid the presently confusing question of whether a stated quantity is 
gravity dependent. 


Pressure Standards 

Now let us consider the calibration standards that are employed with 
pressure-measuring instruments and the basic instruments that are used 
to measure pressure. It may help to look at the ways in which the 
standards for pressure calibration are established. You will recall that 
head is the same as pressure. A measure of head, then, can be a de- 
pendable measure of pressure. Perhaps the oldest, simplest, and, in 
many respects, one of the most accurate and reliable ways of measur- 
ing pressure is the liquid manometer. Figure 2-2 shows a differential 
manometer. When only a visual indication is needed and static 
pressures are in a range that does not constitute a safety hazard, a 
transparent tube is satisfactory. When conditions for the visual ma- 
nometer are unsuitable, a variety of float-type liquid manometers are 
often employed. 
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PRESSURE 



LOW 

PRESSURE 


Fig. 2-2. Simple U-tube manometer. 


The simplest diferenţial gauge is the liquid-filled manometer: it is 
basic in its calibraţi on and free of frictional effects. It is often used to 
calibrate other instruments. The most elementary type is the U-gauge, 
which consists of a glass tube bent in the form of a U, or two straight 
glass tubes with a pressure connection at the bottom. When a diferen- 
ţial pressure is applied, the difference between the heights of the two 
columns of liquid is read on a scale graduated in inches, millimetres, or 
other units. In the more advanced designs, vertical displacement of one 
side of the manometer is suppressed by using a chamber of large sur- 
face area on that side. Figure 2-3 shows such a manometer. If the area 
ratio is in the vicinity of 1,600 to 1, the displacement in the large 
chamber becomes quite small and the reading on the glass tube will 
become extremely close to true inches or true millimetres. The large 
side would have to be of infinite area for the reading in the glass tube to 
be exact. This problem is sometimes overcome with a special calibra- 
tion of the scale. However, if the glass tube becomes broken and must 
be replaced, the scale must be recalibrated. 

A more common and quite reliable design features a zeroing gauge 
glass as shown in Figure 2-4. The scale may be adjusted to zero for each 
diferenţial pressure change, and the reading may be taken from a scale 
graduated in actual units of measurement after rezeroing. The filling 
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PRESSURE 


Fig. 2-3. Well or reservoir manometer. 
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Fig. 2-4. Well manometer with zeroing adjustment. 


liquid is usually water or mercury, or some other stable fluid especially 
compounded by the manometer manufacturers for use with their prod- 
uct. încline manometer tubes, such as those shown in Figure 2-5, will 
give magnified readings, but must be made and mounted carefully to 
avoid errors due to the irregularities of the tube. It is also essential that 
the manometers be precisely positioned to avoid errors due to level. 

Still other types of manometers for functions other than simple 
indication, including those used with high pressure and hazardous 
fluids, employ a float on one leg of the manometer. When reading a 
manometer, there are several potenţial sources of error. One is the 
effect of gravity, and another is the effect of temperature on the mate- 
rial contained within the manometer. Correction tables are available 
which provide the necessary correction for the conditions under which 
the manometer is to be read. Perhaps even more important is the 
meniscus correction (Figure 2-6). A meniscus surface should always be 
read at its center — the bottom, in the case of water, and the top, in the 
case of mercury. To be practicai, gravity and temperature corrections 
are seldom made in everyday work, but the meniscus correction, or 
proper reading, must always be taken into account. 


HIGH 

PRESSURE 



Fig. 2-5. Inclined manometer. 
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Fig. 2-6. Reading a manometer. 

The dead weight tester is shown in Figure 2-7. The principie of a 
dead weight is similar to that of a balance. Gravity acts on a calibrated 
weight, which in turn exerts a force on a known area. A known 
pressure then exist s throughout the fluid contained in the system. This 
fluid is generally a suitable oii. Good accuracy is possible, but requires 
that several factors be well established: (1) the piston area; (2) the 
weight precision; (3) gravity corrections for the weight if the measure- 
ment is to be made in an elevation quite different from the original 
calibration elevation; (4) buoyancy, since as each weight displaces its 
volume of air, the air weight displaced should also be taken into consid- 
eration; (5) the absence of friction; (6) head of transmitting fluid and (7) 
operation technique (the weight should be spun to eliminate frictional 
effect); unless the instrument being calibrated and the tester are at 
precisely the same level, the head of material can contribute an appre- 
ciable error. Perhaps the most important part of the procedure is to 
keep the piston floating. This is accomplished generally by spinning the 
weight platform. 



b 



LIQUID DOES NOT WET 
GLASS (MERCURY) 



Fig. 2-7. Ranges 30 psi and up: increase pressure with crank until pressure supports an 
accurately known weight. An accurate test gauge may be used with hydraulic pump in a 
similar setup. 
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A properly operated dead weight tester should have a pressure 
output accurate to a fraction of a percent (actually, 0. 1 percent of its 
calibraţi on or calibrated reading). 

Still another type of dead weight tester is the pneumatic dead 
weight tester. This is a self-regulating primary pressure standard. An 
accurate calibrating pressure is produced by establishing equilibrium 
between the air pressure on the underside of the ball against weights of 
known mass on the top. A diagram of an Ametek pneumatic tester is 
shown in Figure 2-8. In this construction, a precision ceramic ball is 
floated within a tapered stainless Steel nozzle. A flow regulator intro- 
duces pressure under the ball, lifting it toward the annulus between the 
ball and the nozzle. Equilibrium is achieved as soon as the ball begins 
to lift. The ball floats when the vented flow equals the fixed flow from 
the supply regulator. This pressure, which is also the output pressure, 
is proporţional to the weight load. During operation, the ball is centered 
with a dynamic film of air, eliminating physical contact between the ball 
and the nozzle. When weights are added or removed from the weight 
carrier, the ball rises or drops, affecting the air flow. The regulator 
senses the change in flow and adjusts the pressure beneath the ball to 
bring the system into equilibrium, changing the output pressure accord- 
ingly. Thus, regulation of output pressure is automatic with change of 
weight mass on the spherical piston or ball. The pneumatic dead weight 



Fig. 2-8. Pneumatic tester. Courtesy of AMETEK Mfg. Co. 
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tester has an accuracy of ±0.1 of 1 percent of indicated reading. It is 
commonly used up to a maximum pressure of 30 psi or 200 kPa gauge. 


Plant Instruments That Measure Pressure Directly 

Thus far in this chapter we have been concemed with the definition of 
pressure, and some of the standards used have been described. In the 
plant, manometers and dead weight testers are used as standards for 
comparison and calibration. 

The working instruments in the plant usually include simple me- 
chanical pressure gauges, precision pressure recorders and indicators, 
and pneumatic and electronic pressure transmitters. A pressure trans- 
mitter makes a pressure measurement and generates either a pneumatic 
or electrical signal output that is proporţional to the pressure being 
sensed. We will discuss transmitters in detail later in this chapter. Now 
we will deal with the basic mechanical instruments used for pressure 
measurement, how they operate and how they are calibrated. When the 
amount of pressure to be measured is very small, the following instru- 
ments might be used. 

Bell Instrument 

This instrument measures the pressure difference in the compartment 
on each side of a bell-shaped chamber. If the pressure to be measured is 
gauge pressure, the lower compartment is vented to atmosphere. If the 
lower compartment is evacuated, the pressure measured will be in 
absolute units. If the differential pressure is to be measured, the higher 
pressure is applied to the top of the chamber and the lower pressure to 
the bottom. 

The beli chamber is shown in Figure 2-9. Pressure ranges as low as 
0 to 1 inch (0 to 250 Pa) of water can be measured with this instrument. 
Calibration adjustments are zero and spân. The difficulty in reading a 
manometer accurately to fractions of an inch are obvious, yet the ma- 
nometer is the usual standard to which the beli differential instrument is 
calibrated. The beli instrument finds applications where very low 
pressures must be measured and recorded with reasonable accuracy. 

Slack or Limp-Diaphragm 

The slack or limp-diaphragm instrument is used when very small 
pressures are to be sensed. The most common application of this gauge 
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Fig. 2-9. Bell instrument. 

is measurement of fumace draft. The range of this type instrument is 
from 0 to 0.5 inches (125 Pa) of water to 0 to 100 inches (25 kPa) of 
water above atmospheric pressure. 

To make this instrument responsive to very small pressures, a large 
area diaphragm is employed. This diaphragm is made of very thin, 
treated nonporous leather, plastic, or rubber, and requires an ex- 
tremely small force to deflect it. A spring is always used in combination 
with the diaphragm to produce a deflection proporţional to pressure. 
Let us assume the instrument shown in Figure 2-10 is being used to 
measure pressure. The low-pressure chamber on the top is vented to the 
atmosphere. The pressure to be measured is applied to the high-pressure 
chamber on the bottom. This causes the diaphragm to move upward. It 
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Fig. 2-10. Slack or limp-diaphragm instrument. 
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will move until the force developed by pressure on the diaphragm is 
equal to that applied by the calibrated spring. In the process of achiev- 
ing balance, the lever attached to the diaphragm is tipped and this 
motion transmitted by the sealed link to the pointer. This instrument is 
calibrated by means of zero and spân adjustments. The spân adjust- 
ment allows the ridged connection to the spring to be varied, thus 
changing the spring constant. The shorter the spring the greater the 
spring constant; thus, a greater force is required to deflect it. As the 
spring is shortened, a higher pressure is required for full deflection of 
the pointer. The zero adjustment Controls the spring’ s pivot point, 
thereby shifting the free end of the calibrated spring and its attached 
linkages. Turning the zero adjustment changes the pointer position on 
the scale, and it is normally adjusted to read zero scale with both the 
high and low pressure chambers vented to the atmosphere. If pressure 
is applied to both the high- and low-pressure chambers, the resultant 
reading will be in differential pressure. This instrument is extremely 
sensitive to overrange, and care should be taken to avoid this problem. 
The other long-term difficulty that can develop is damage to the dia- 
phragm. The diaphragm may become stiff, develop leaks, or become 
defective, which results in error. These difficulties may be observed by 
periodically inspecting the diaphragm. 

Pressure Gauges 

In the process plant, we frequently find simple pressure gauges scat- 
tered throughout the process and used to measure and indicate existing 
pressures. Therefore, it is appropriate to devote some attention to the 
operation of a simple pressure gauge. 

The most common of all the pressure gauges utilizes the Bourdon 
tube. The Bourdon tube was originally patented in 1840. In his patent, 
Eugene Bourdon stated: “I have discovered that if a thin metallic tube 
be flattened out then bent or distorted from a straight line, it has the 
property of changing its form considerably when exposed to variations 
of internai or externai pressure. An increase of internai pressure tends 
to bring the tube to a straight cylindrical form, and the degree of 
pressure is indicated by the amount of alteration in the form of the 
tube.” 

Figure 2-1 IA shows such a tube. As pressure is applied intemally, 
the tube straightens out and retums to a cylindrical form. The excur- 
sion of the tube tip moves linearly with internai pressure and is 
converted to pointer position with the mechanism shown. Once the 
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Fig. 2-11. (A) Bourdon tube. (B) Typical pressure gauge. 


internai pressure is removed, the spring characteristic of the material 
returns the tube to its original shape. 

If the Bourdon tube is overranged, that is, pressure is applied to the 
point where it can no longer retum to its original shape, the gauge may 
take a new set and its calibration becomes distorted. Whether the gauge 
can be recalibrated depends on the extent of the overrange. A severely 
overranged gauge will be ruined, whereas one that has been only 
slightly overranged may be recalibrated and reused. 

Most gauges are designed to handle approximately 35 percent of 
the upper range value as overrange without damage. Typically, a gauge 
will exhibit some amount of hysteresis, that is, a difference due to 
pressure moving the tube in the upscale direction versus the spring 
characteristic of the tube moving it downscale. A typical gauge may 
also exhibit some amount of drift, that is, a departure from the true 
reading due to changes over a long period in the physical properties of 
the materials involved. AII of these sources of error are typically in- 
cluded in the manufacturer’s statement of accuracy for the gauge. A 
typical Bourdon tube gauge, carefully made with a Bourdon tube that 
has been temperature-cycled or stress-relieved, will have an accuracy 
of ± 1 percent of its upper range value. A carefully made test gauge will 
have an accuracy of ±0.25 to 0.50 percent of its upper range value. The 
range of the gauge is normally selected so that it operates in the upper 
part of the middle third of the scale. 
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In âddition to the gauges used for visual observations of pressure 
throughout the plant, the typical instrument shop will have a number of 
test gauges which are used as calibration standards. The gauge must be 
vertical to read correctly. A typical pressure gauge is shown in Figure 
2-11 B. 

Liquid or Steam Pressure Measurement 

When a liquid pressure is measured, the piping is arranged to prevent 
entrapped vapors which may cause measurement error. If it is impossi- 
ble to avoid entrapping vapors, vents should be provided at all high 
points in the line. 

When steam pressure is measured, the steam should be prevented 
from entering the Bourdon tube. Otherwise, the high temperature may 
damage the instrument. If the gauge is below the point of measurement, 
a “siphon” (a single loop or pigtail in a vertical plane) is provided in the 
pressure line to the gauge. A cock is installed in the line between the 
loop and the gauge. In operation, the loop traps condensate, preventing 
the steam from entering the gauge. 

Seals and Purges 

If the instrument is measuring a viscous, volatile, corrosive, or ex- 
tremely hot or cold fluid, the use of a pressure seal or a purge is 
essential to keep the fluid out of the instrument. Liquid seals are used 
with corrosive fluids. The sealing fluid should be nonmiscible with the 
measured fluids. Liquid purges are used on hot, viscous, volatile, or 
corrosive liquids, or liquids containing solids in suspension. The purg- 
ing liquid must be of such a nature that the small quantities required (in 
the order of 1 gph) (4 litres per hour) will not injure the product or 
process. Mechanical seals will be described in detail later in this chap- 
ter. 

Pulsation Dampener 

If the instrument is intended for use with a fluid under pressure and 
subject to excessive fluctuations or pulsations, a deadener or damper 
should be installed. This will provide a steady reading and prolong the 
life of the gauge. 

Two other elements that use the Bourdon principie are the spiral 
(Figure 2-12) and helical (Figure 2-13). The spiral and helical are, in 
effect, multitube Bourdon tubes. Spirals are commonly used for 
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Fig. 2-12. Spiral. 


Fig. 2-13. Helical. 


pressure ranges up to 0 to 200 psi or 1.4 MPa, and helicals are made to 
measure pressures as high as 0 to 80,000 psi or 550 MPa. The higher the 
pressure to be measured, the thicker the walls of the tubing from which 
the spiral or helical is constructed. The material used in the construc- 
tion may be bronze, beryllium copper, stainless Steel, or a special Ni- 
Span C alloy. Spirals and helicals are designed to provide a lever mo- 
tion of approximately 45 degrees with full pressure applied. If this 
motion is to be translated into pen or pointer position, it is common 
practice to utilize a four-bar linkage, and this necessitates a special 
calibration technique. If, instead of measuring gauge pressure, it is 
necessary to read absolute pressure, the reading must make allowances 
for the pressure of the atmosphere. This may be done by utilizing an 
absolute double spiral element. In this element, two spirals are used. 
One is evacuated and sealed; the second has the measured pressure 
applied. 

The evacuated sealed element makes a correction for atmospheric 
pressure as read on the second element. Thus, the reading can be in 
terms of absolute pressure, which is gauge plus the pressure of the 
atmosphere, rather than gauge. 

An absolute double spiral element of this type may be used to 
measure pressures up to 100 psi or 700 Kpa absolute. This element is 
shown in Figure 2-14. 

Metallic Bellows 

A bellows is an expandable element made up of a series of folds or 
corrugations called convolutions (Figure 2-15). When internai pressure 
is applied to the bellows, it expands. Because a sizable area is involved. 
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Fig. 2-14. Absolute double spiral. 


the applied pressure develops a sizable force to actuate an indicating or 
recording mechanism. (In some instruments, the bellows is placed in a 
sealed can and the pressure is applied extemally to the bellows. The 
bellows will then compress in a fashion similar to the expansion just 
described. Such an arrangement is shown in Figure 2-16). 

A variety of materials are used to fabricate bellows, including 
brass, beryllium copper, copper nickel alloys, phospher bronze, Monel, 
Steel, and stainless Steel. Brass and stainless Steel are the most com- 
monly used. Metallic bellows are used from pressure ranges of a few 



Fig. 2-15. Bellows receiver unit. 
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Fig. 2-16. Bellows in sealed can. 


ounces to many pounds per square inch. A bellows will develop many 
times the power available from a helical, spiral, or Bourdon tube. 

A bellows is typically rated in terms of its equivalent square inch 
area. To create a linear relationship between the excursion of the bel- 
lows and the applied pressure, it is common practice to have the bel- 
lows work in conjunction with a spring, rather than with the spring 
characteristic of the metal within the bellows itself. Each bellows and 
spring combination has what is called a spring rate. The springs used 
with the bellows are usually either helical or spiral. Typically, the 
spring rate of the helical spring is ten times or more that of the bellows 
material itself. 

Using a spring with a bellows has several advantages over relying 
on the spring characteristics of the bellows alone. The calibration pro- 
cedure is simplified, since adjustments are made only on the spring. 
Iniţial tension becomes zero adjustment and the number of active tums 
becomes spân adjustment. A spring constructed of stable material will 
exhibit long-term stability that is essential in any component. 

. When a measurement of absolute pressure is to be made, a special 
mechanism employing two separate bellows may be used. It consists of 
a measuring bellows and a compensating bellows, a mounting support, 
and an output lever assembly (Figure 2-17). The measuring and com- 
pensating bellows are fastened to opposite ends of the fixed mounting 
support: the free ends of both bellows are attached to a movable plate 
mounted between them. The motion of this movable plate is a measure 
of the difference in pressure between the two bellows. 
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Fig. 2-17. Absolute pressure bellows. 

Since the compensating bellows is completely evacuated and 
sealed, this motion is a measure of pressure above vacuum, or absolute 
pressure applied to the measuring bellows. This movable plate is at- 
tached to the output lever assembly which, in turn, is linked to the 
instrument pen, or pointer. 

In many applications, the bellows expands very little, and the force 
it exerts becomes its significant output. This technique is frequently 
employed in force-balance mechanisms which will be discussed in 
some detail in Chapter 8. 


Pressure Transmitters 

Signal Transmissions 

In the process plant, it is impractical to locate the control instruments 
out in the plant near the process. It is also true that most measurements 
are not easily transmitted from some remote location. Pressure mea- 
stirement is an exception, but if a high pressure measurement of some 
dangerous Chemical is to be indicated or recorded several hundred feet 
from the point of measurement, a hazard will be created. The hazard 
may be from the pressure and/or from the Chemical carried in the line. 

To eliminate this problem, a signal transmission system was devel- 
oped. In process instrumentation, this system is usually either pneuma- 
tic (air pressure) or electrical. Because this chapter deals with pressure, 
the pneumatic, or air pressure system, will be discussed first. Later it 
will become evident that the electrical transmitters perform a similar 
function. 
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Using the transmission system, it will be possible to install most of 
the indicating, recording, and control instruments in one location. This 
makes it practicai for a minimum number of operators to run the plant 
efficiently. 

When a transmission system is employed, the measurement is con- 
verted to a pneumatic signal by the transmitter scaled from 0 to 100 
percent of the measured value. This transmitter is mounted close to the 
point of measurement in the process. The transmitter output — air 
pressure for a pneumatic transmitter — is piped to the recording or con- 
trol instrument. The standard output range for a pneumatic transmitter 
is 3 to 15 psi, 20 to 100 kPa; or 0.2 to 1.0 bar or kg/cm 2 . These are the 
standard signals that are almost universally used. 

Let us take a closer look at what this signal means. Suppose we 
have a field-mounted pressure transmitter that has been calibrated to a 
pressure range of 100 psi to 500 psi (689.5 to 3447.5 kPa). 

When the pressure being sensed is 100 psi (69 kPa), the transmitter 
is designed to produce an output of 3 psi air pressure (or the approxi- 
mate SI equivalent 20 kPa). When the pressure sensed rises to 300 psi 
(2068.5 kPa), or midscale, the output will climb to 9 psi, or 60 kPa, and at 
top scale, 500 psi (3447.5 kPa), the signal output will be 15 psi, or 100 
kPa. 

This signal is carried by tubing, usually ^-inch copper or plastic, to 
the control room, where it is either indicated, recorded, or fed into a 
controller. 

The receiving instrument typically employs a bellows element to 
convert this signal into pen or pointer position. Or, if the signal is fed to 
a controller, a bellows is also used to convert the signal for the use of 
the controller. The live zero makes it possible to distinguish between 
true zero and a dead instrument. 

The top scale signal is high enough to be useful without the possibil- 
ity of creating hazards. 


Pneumatic Recorders and Indicators 

Pressure recorders and indicators were described earlier in this chap- 
ter. Pneumatic recorders and indicators differ only in that they always 
operate from a standard 3 to 15 psi or 20 to 100 kPa signal. The 
indicator scale, or recorder chart, may be labeled 0 to 1,000 psi. This 
would represent the pressure sensed by the measuring transmitter and 
converted into the standard signal that is transmitted to the receiver. 
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The receiver converts the signal into a suitable pen or pointer position. 
Because the scale is labeled in proper units, it is possible to read the 
measured pressure. 

A typical pneumatic indicator is shown in Figure 2-18 (top) and its 
operation may be visualized by studying Figure 2-18 (bottom, right). 

The input signal passes through an adjustable needle valve to pro- 
vide damping, then continues to the receiver bellows. This bellows, 




Fig. 2-18. Pneumatic indicator. 
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acting in expansion, moves a fqrce plate. A spring opposing the bellows 
provides zero and spân adjustments. Regulating the amount of spring 
used (its effective length) provides a spân adjustment. Setting the iniţial 
tension on the spring provides a zero adjustment. 

The force plate is connected to a link that drives the pointer arbor 
assembly. Changing the length of the link by tuming the nut on the link 
provides an angularity adjustment. The arm connecting the pointer and 
the arbor is a rugged crushed tube designed to reduce torsionai effects. 
A takeup spring is also provided to reduce mechanical hysteresis. 
Overrange protection is provided to prevent damage to the bellows or 
pointer movement assembly for pressures up to approximately 30 psi or 
about 200 kPa. 

A pneumatic recorder also uses a receiver bellows assembly as 
shown in Figure 2-19 (top). This receiver provides an unusually high 
torque due to an effective bellows area of 1.1 square inches. 

The input signal first passes through an adjustable damping restric- 
tor. The output of this signal is the input to the receiver bellows assem- 
bly. The receiver consists of a heavy duty impact extruded aluminum 
can containing a large brass bellows working in compression. The large 
effective area of the bellows assures an extremely linear pressure-to- 
pen position relationship. The motion, created by the input signal, is 
picked up by a convenţional link and transferred to an arbor. Calibra- 
tion is easily accomplished by tuming zero, spân, and angularity ad- 
justments on this simple linkage system. AII calibration adjustments are 
accessible through a door (Figure 2-19) on the side of the instrument 
and may be made while instrument is in operation. The arm intercon- 
necting the pen and the arbor incorporates a rugged tubular member to 
reduce torsionai effects and takeup spring to reduce mechanical hys- 
teresis. Overrange protection is provided to prevent damage to the 
beHows or pen movement assembly for pressures up to 30 psi or about 
200 kPa. 

Mechanical Pressure Seals 

Application 

A sealed pressure system is used with a pressure measuring instrument 
to isolate corrosive or viscous products, or products that tend to sol- 
idify, from the measuring element and its connective tubing. 

Defini tion 

A sealed pressure system consists of a convenţional pressure measur- 
ing element or a force-balance pressure transmitter capsule assembly 
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connected, either directly or by capillary tubing, to a pressure seal as 
seen in Figure 2-20. The system is solidly Med with a suitable liquid 
transmission medium. 

The seal itself may take many forms, depending on process condi- 
tions, but consists of a pressure sensitive flexible member, the dia- 
phragm, functioning as an isolating membrane, with a suitable method of 
attachment to a process vessel or line. 

Principie of Operation 

Process pressure applied to the flexible member of the seal assembly 
forces some of the filling fluid out of the seal cavity into the capillary 
tubing and pressure measuring element, causing the element to expand 
in proportion to the applied process pressure, thereby actuating a pen, 
pointer, or transmitter mechanism. A sealed pressure system offers 
high resolution and rapid response to pressure changes at the dia- 
phragm. The spring rate of the flexible member must be low when com- 
pared with the spring rate of the measuring element to ensure that the 
fiii volume displacement will full stroke the measuring element for the 
required pressure range. A low-diaphragm spring rate, coupled with 
maximum fiii volume displacement, is characteristic of the ideal sys- 
tem. 



Fig. 2-20. Seal connected to 6-inch pressure gauge. 
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A sealed pressure system is somewhat similar to a liquid-filled 
thermometer, the primary differences being a flexible rather than rigid 
member at the process, and no iniţial filling pressure. The flexible 
member of the seal should ideally accommodate any thermal expansion 
of the filling medium without perceptible motion of the measuring ele- 
ment. A very stiff seal member, such as a Bourdon tube, combined with 
a low-pressure (high-volume change) element, will produce marked 
temperature effects from both varying ambient or elevated process 
temperatures. 

The Foxboro 13DMP Series pneumatic d/p Cell transmitters with 
pressure seals (Figure 2-21) measure differential pressures in ranges of 
0 to 20 to 0 to 850 inches of water or 0 to 5 to 0 to 205 kPa at static 
pressures from full vacuum up to flange rating. They transmit a propor- 
ţional 3 to 15 psi or 20 to 100 kPa or 4 to 20 mA dc signal to receivers 
located up to several hundred yards or meters from the point of mea- 
surement. 



Fig. 2-21. Seals connected to differential pressure transmitter. 
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Filling Fluids 

Ideally, the filling fluid used in a sealed pressure system should be 
noncompressible, have a high-boiling point, a low-freezing point, a low 
coeficient of thermal expansion, and low viscosity. It should be nonin- 
jurious to the diaphragm and containing parts, and should not cause 
spoilage in the event of leakage. Silicone-based liquid is the most popu- 
lar filling fluid. 

The system is evacuated before the filling fluid is introduced. The 
system must be completely filled with fluid and free from any air poc- 
kets that would contract or expand during operation, resulting in er- 
roneous indications at the pen or pointer or in an output signal. The 
degree of accuracy of any filled pressure system depends on the perfec- 
tion of the filling operation. 

Calibration Techniques 

The procedure for calibration of a pressure instrument consists of com- 
paring the reading of the instrument being calibrated with a standard. 
The instrument under calibration is then adjusted or manipulated to 
make it agree with the standard. Success in calibration depends not 
only on one’s ability to adjust the instrument, but on the quality of the 
standard as well. 

Field Standards 

Field standards must be reasonably convenient to use and must satisfy 
the accuracy requirements for the instrument under calibration. A 100- 
inch water column, for example, is extremely accurate but not practicai 
to set up out in the plant. For practicai reasons, we find that most field 
standards are test gauges. The test gauge is quite similar, in most cases, 
to the regular Bourdon gauges. However, more care has gone into its 
design, construction, and calibration, making it very accurate. A good 
quality test gauge will be accurate to within ±0.25 percent of its spân. 
This is adequate for most field use. 

Under some conditions, a manometer may be used in the field. This 
usually occurs when a low-pressure range is to be calibrated and no 
other suitable standard is readily available. 

Portable Pneumatic Calibrator 

AII of the ingredients required to perform a calibration have been com- 
bined into a single unit caUed a portable pneumatic calibrator. This unit 
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Fig. 2-22. Portable pneumatic calibration. Courtesy of Wallace & Tieman. 


contains an accurate pressure gauge or standard, along with a pressure 
regulator and suitable manifold connections. The portable pneumatic 
calibrator will accurately apply, hold, regulate, and measure gauge 
pressure, differential pressure, or vacuum. The gauge case may be 
evacuated to make an absolute pressure gauge. The pointer in the 
operation of the gauge in this calibrator differs in that it makes almost 
two full revolutions in registering full scale, providing a scale length of 
45 inches. This expanded scale makes the gauge very easy to read. 

The calibrator is available in seven pressure ranges (SI unit 
ranges). Of these, three are sized for checking 3 to 15 psi or 20 to 100 
kPa pneumatic transmission instrumentat ion. The calibrator is shown 
in both picture and schematic form in Figures 2-22 and 2-23. The air 
switching arrangement makes it possible to use the calibrator as both a 
source or signal and a precise gauge for readout. This portable pneu- 
matic calibrator is manufactured by Wallace and Tieman, Inc., Belle- 
ville, New Jersey. 


Force-Balance Pneumatic Pressure Transmitter 

A pneumatic pressure transmitter senses a pressure and converts that 
pressure into a pneumatic signal that may be transmitted over a reason- 



Fig. 2-23. Connections for different pressure readouts (courtesy of Wallace & Tieman): 
For Gauge Pressure: test pressure is applied to the capsule through the appropriate P 
connection; the case is open to atmosphere through S. 

For Differential Pressure: high-test pressure is applied to the capsule through the 
appropriate P connection. Low-test pressure is applied to the case through S. 

For Absolute Pressure: test pressure is applied to the capsule through the appropriate P 
connection and the case is continuously subjected to full vacuum through S. 

For Vacuum: the capsule is open to atmosphere through connection P; the case is 
connected to test vacuum at S. 

For Positive and Negative Pressures: test pressure is applied to the capsule through the 
appropriate P connection and the case is open to atmosphere through S. 


able distance. A receiving instrument is then employed to convert the 
signal into a pen or pointer position or a measurement input signal to a 
controller. The Foxboro Model 11GL force-balance pneumatic 
pressure transmitter is an example of a simple, straightforward device 
that performs this service (Figure 2-24). Before its operation is dis- 
cussed, the operation of two vital components must be described: the 
flapper and the nozzle, or detector; and the pneumatic amplifier, or 
relay. These two mechanisms are found in nearly every pneumatic 
instrument. 

The flapper and nozzle unit converts a small motion (position) or 
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Fig. 2-24. Model 1 1GM press ure transmitter is a force-balance instrument that 
measures pressure and transmits it as a proporţional 3 to 15 psi or 20 to 100 kPa 
pneumatic signal. 


force into an equivalent (proporţional) pneumatic signal. Flapper 
movement of only six ten-thousandths of an inch (0.0015 cm) will 
change the nozzle pressure by 0.75 psi or 5.2 kPa. This small pressure 
change applied to the pneumatic amplifier or relay becomes an 
amplified change of 3 to 15 psi or 20 to 100 kPa in the amplifier output. 

Let us take a closer look at the operation of the amplifier or relay. 
It is shown in a cross-sectional view in Figure 2-25. 

Pneumatic Relay 

A relay is a pneumatic amplifier. Like its electronic counterpart, the 
function of the relay is to convert a small change in the input signal (an 
air pressure signal) to a large change in the output signal. Typically, a 1 
psi or 7 kPa change in input will produce approximately a 12 psi or 80 
kPa change in output. 

The supply enters the relay through a port on the surface of the 
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Fig. 2-25. Cross-sectional view of amplifier. 


instrument on which the relay is mounted. The input signal (nozzle 
pressure) enters the relay through another port and acts on the dia- 
phragm. Since the diaphragm is in contact with a stern valve, the two 
move in unison. 

As the input signal increases, the stern pushes against a ball valve 
which in turn moves a flat spring, allowing the supply of air to enter the 
relay body. Further motion of the stern valve causes it to close off the 
exhaust port. Thus, when the input pressure increases, the stern 
(exhaust) valve closes and the supply valve opens; when the input 
decreases, the stern valve opens and the supply valve closes. This 
varies the pressure to the output. 

Principie of Operation 

The 11GM Pneumatic Transmitter (Figure 2-24) is a force-balance in- 
strument that measures pressure and transmits it as a proporţional 3 to 
15 psi pneumatic signal (20 to 100 kPa). 

The pressure is applied to a bellows, causing the end of the bellows 
to exert a force (through a connecting bracket) on the lower end of the 
force bar. The metal diaphragm is a fulcrum for the force bar. The force 
is transmitted through the flexure connector to the range rod, which 
pivots on the range adjustment wheel. 

Any movement of the range rod causes a minute change in the 
clearance between the flapper and nozzle. This produces a change in 
the output pressure from the relay to the feedback bellows until the 
force of the feedback bellows balances the pressure on the measure- 
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ment bellows. The output pressure which is established by this balance 
is the transmitted signal and is proporţional to the pressure applied to 
the measurement bellows. 

If the pressure to be measured is high, such as 5,000 psi or 35 MPa, 
a different sensing element is employed. 

The pressure being measured is applied to a Bourdon tube. This 
pressure tends to straighten the tube and causes a horizontal force to be 
applied to the lower end of the force bar. The diaphragm seal serves as 
both a fulcrum for the force bar and as a seal for the pressure chamber. 
The force is transmitted through a flexure connector to the range rod, 
which pivots on the range adjustment wheel. 

Any movement of the range rod causes a minute change in the 
clearance between the flapper and nozzle. This produces a change in 
the output pressure from the relay to the feedback bellows until the 
force in the bellows balances the force created by the Bourdon tube. 

The output pressure, which establishes the force-balancing, is the 
transmitted pneumatic signal that is proporţional to the pressure being 
measured. This signal is transmitted to a pneumatic receiver to record, 
indicate, or control. 

The calibration procedure for this transmitter is the same as for the 
low pressure transmitter, but the calibration pressure is developed with 
a dead weight tester. For safety, oii or liquid, never air, should be used 
for high pressure calibrations. 

Pressure measurements found in some applications require that 
absolute, rather than gauge pressure, be determined. To handle these 
applications, the absolute pressure transmitter may be used. 

Absolute Pressure Transmitter 

The pressure being measured is applied to one side of a diaphragm in a 
capsule. The space on the other side of the diaphragm is evacuated, 
thus providing a zero absolute pressure reference (Figure 2-26). 

The pressure exerts a force on the diaphragm that is applied to the 
lower end of the force bar. The diaphragm seal serves both as a fulcrum 
for the force bar and as a seal for the pressure chamber. The force is 
transmitted through the flexure connector to the range bar, which 
pivots on the range adjustment wheel. 

Any movement of the range bar causes a minute change in the 
clearance between the flapper and nozzle. This produces a change in 
the output pressure from the relay (Figure 2-26) to the feedback bellows 
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?ig. 2-26. Pneumatic absolute pressure transmitter. 

until the force in the bellows balances the force on the diaphragm 
capsule. 

The output pressure, which establishes the force-balance, is the 
transmitted pneumatic signal, which is proporţional to the absolute 
pressure being measured. This signal is transmitted to a pneumatic 
receiver to record, indicate, or control. 

Questions 

2-1. An ordinary commercial Bourdon gauge has a scale of 0 psi to 250 psi, 
and an accuracy of ± 1 percent of spân. If the gauge reads 175 psi, within 
what maximum and minimum values will the correct pressure fall? 

a. 174 to 176 psi c. 176.5 to 178.5 psi 

b. 172.5 to 177.5 psi d. 179 to 180 psi 

2-2. A manometer, read carefully: 

a. Always has zero error 

b. Has an error caused by the liquid’s impurity unless corrected 

c. May have an error caused by temperature and gravity effects on the 
various components and so on. 

d. Has an error that varies only with altitude 
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2-3. Absolute pressure is: 

a. Gauge pressure plus atmospheric pressure 

b. Gauge pressure less atmospheric pressure 

c. Gauge pressure plus atmospheric pressure divided by two 

d. Always referenced to a point at the peak of Mt. Washington, NH 

2-4. The pressure at the bottom of a pond where it is exactly 46 feet deep 
will be: 

a. 100 psi c. 20 psi 

b. 46 psi d. 20 psi absolute 

2-5. The advantages of making absolute pressure measurements rather than 
gauge are: 

a. Greater accuracy 

b. Eliminates errors introduced by barometric variations 

c. Is more indicative of true process conditions 

d. Is more related to safety than gauge pressure 

2-6. A bellows element is used as a receiver for a 3 to 15 psi pneumatic 

signal and by error a 30-psi pressure is applied to it. The result will be: 

a. A damaged bellows 

b. An instrument in need of recalibration 

c. No damage 

d. A severe zero shift 

2-7. A pressure instrument is calibrated from 100 to 600 psi. The spân of this 
instrument is: 

a. 600 c. 500 

b. 100 d. 400 

2-8. Instruments that measure pressure are generally classified as: 

a. nonlinear c. free of hysteresis 

b. linear d. none of the above 

2-9. When reading a manometer, it is good practice to: 

a. Read at the bottom of the meniscus 

b. Read at the top of the meniscus 

c. Read at the center of the meniscus 

d. Carefully estimate the average of the meniscus 

2 - 10 . If a pressure range of 0 to 1 inch of water is to be measured and 
recorded, an instrument capable of doing this would be: 

a. A bellows c. A Bourdon tube 

b. A beli with a liquid seal d. A mercury manometer 

2-11. When measuring a pressure that fluctuates se vere ly: 

a. A large-capacity tank should be installed 

b. A pulsation dampener should be employed 
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c. No problem is created 

d. Read the peak and minimum and divide by two to obtain the true 
press ure 

2-12. A measurement of absolute pressure is to be made using a mechanism 
employing two separate bellows. Measurement is applied to one bellows and 
the other: 

a. Is sealed at an atmospheric pressure of 14.7 psi 

b. Is completely evacuated and sealed 

c. Contains alcohol for temperature compensation 

d. Has an active area twice that of the measuring bellows and is sealed at a 
pressure twice atmospheric 

2-13. The danger of having a high-pressure line carrying a dangerous 
Chemical rupture in the control room is: 

a. Eliminated by using special duty piping 

b. Ignored 

c. Eliminated through the use of a transmission system 

d. Minimized by placing the line within a protective barrier 

2-14. The standard pneumatic transmission signal mo st generally used in the 
United States is: 

a. 3 to 27 psi c. 3 to 15 psi 

b. 10 to 50 psi d. 2 to 12 psi 

2-15. A sealed pressure system: 

a. Is similar in some ways to a liquid-filled thermometer 

b. Seals the process material in the instrument 

c. Must be used at a fixed temperature 

d. Is always used with manual temperature compensation 

2-16. A pneumatic relay: 

a. Is a set of electrical contacts pneumatically actuated 

b. Is a signal booster 

c. Is a pneumatic amplifier 

d. Contains a regulator actuated by a bellows 

2-17. When the clearance between flapper and nozzle changes by 0.0006 
inches the output of the transmitter will change by: 

a. 3 psi c. 12 psi 

b. 15 psi d. 6 psi 

2-18. An instrument is to be calibrated to measure a range of 0 to 6,000 psi. 
For such a calibration: 

a. oii or liquid should be used 

b. Air must be used 

c. An inert gas such as nitrogen is required 

d. Any source of high pressure is acceptable 
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2-19. The kilopascal (kPa), an SI unit of pressure: 

a. Is always equivalent to psi x 6.895 

b. Is gravity dependent 

c. Is a force of 1 .000 newtons (N) applied uniformly over an area of one 
square metre 

d. Changes substantially from place to place 

2-20. A pneumatic pressure transmitter is calibrated to a pressure range of 
100 to 500 psi. The signal output is 10.2 psi. What is the measured pressure in 
psi? 

a. 272 psi c. 267 psi 

b. 340 psi d. 333 psi 

2-21. A viscose line is located 100 feet from the control room where a record 
of line pressure must be made. The maximum pressure is approximately 85 
psi. Select the instrumentation that can handle this job: 

a. A sealed system with 100 feet of capillary connected to a special 
element in a recording instrument. 

b. A sealed system connected to a nearby pneumatic transmitter sending a 
signal to a pneumatic receiving recorder 

c. A direct connected spiral element recorder 

d. A pneumatic transmitter directly connected to the line 

2-22. A pressure recorder reads 38 psi and the barometer reads 30.12 inches 
of mercury. The absolute pressure is 

a. 23.21 psi absolute c. 52.79 psi absolute 

b. 68.12 psi absolute d. 38 psi absolute 

2-23. The lowest range s of pressure may be measured by 

a. a water column c. a beli meter 

b. a bellows d. a slack or limp-diaphragm 

2-24. A slack diaphragm indicator is to be calibrated 0 to 1 inch of water. The 
standard would likely be: 

a. a water column 

b. a column of kerosene 

c. a mercury-filled inclined manometer 

d. a water-filled inclined manometer 




Level and Density Measurements 


Level Measurement Methods 

The ty picai process plant contains many tanks, vessels, and reservoirs. 
Their function is to store or process materials. Accurate measurement 
of the contents of these containers is vital. The material in the tanks is 
usually liquid, but occasionally it may consist of solids. 

Initially, level measurement appears to present a simple problem. 
However, a closer look soon reveals a variety of problems that must be 
resolved. The material may be very corrosive; it may tend to solidify; it 
may tend to vaporize; it may contain solids; or it may create other 
difficulties. 

The common methods employed for automatic continuous liquid 
level measurements are as follows (see also Table 3-1): 

1. Float-and-cable 

2. Displacement (buoyancy) 

3. Head (pressure) 

4. Capacitance 

5. Conductance 

6. Radiation (nucleonic) 

7. Weight 

8. Ultrasonic 

9. Thermal 
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Table 3-1. Liquid Level Measurement 


Closed or 


Method 

Available Upper 
Range Values 

Open 

Tank 

Condition 
of Liquid 

Bubble tube 

10 in to 250 ft 
0.25 to 75 m 

Open 

Any type including 
corrosive or dirty 

Diaphragm 

box 

4 in to 250 ft 
0. 1 to 75 m 

Open 

Clean 

Head Preş sure 

2 in to many ft. 

50 mm to many metres 

Open 

Any type with proper 
selection 

Diff. Pressure 

5 in to many ft. 

0.25 to many metres 

Both 

Any type with proper 
selection 

Displacement 

6 in to 1 2 ft 

Both 

Any type with proper 

(buoyancy) 

0. 15 to 3.6 m 


selection 

Float-and- 

Cable 

3 in to 50 ft. 

75 mm to 15 m 

Open 

Any type 

Weight 

Inches to Feet 
mm to m 

Depends on Tank Dim. 

Both 

Any type 

Radiat ion 
(nucleonic) 

Wide 

Both 

Any type 

Capacitance 

Wide 

Both 

Nonconductive 

Ultrasonic 

Wide 

Both 

Any type 

Conductance 

One or more Points 

Both 

Conductive 


Float-and-Cable 

A float-and-cable or float-and-tape instrument (Figure 3-1) measures 
liquid level by transmitting to a mechanism the rise and fall of a float 
that rides on the surface of the liquid. Mechanisms are available to 
accommodate level variations ranging from a few inches to many feet. 
Float-and-cable devices are used primarily in open tanks, whereas float 
level switches may be designed to operate in a pressurized tank. 

Float devices have the advantage of simplicity and are insensitive 
to density changes. Their major disadvantage is their limitation to rea- 
sonably clean liquids. Turbulence may also create measurement prob- 
lems. The float and cable technique does not lend itself to the transmit- 
ter concept as well as do some of the following techniques. 
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Fig. 3-1. Float-and-cable recorder. 


Displacement (Buoyancy) 

The displacement, or buoyancy, technique is a type of force-balance 
transmitter (Figure 3-2). It may be used to measure liquid level, inter- 
face, or density by sensing the buoyant force exerted on a displacer by 
the liquid in which it is immersed. The buoyant force is converted by a 
force-balance pneumatic or electronic mechanism to a proporţional 3 to 
15 psi, 20 to 100 kPa, 4 to 20 mA/dc or 10 to 50 mA/dc signal. 



Fig. 3-2. Buoyancy type level measuring transmitter. 
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Archimedes’ principie States that a body immersed in a liquid will 
be buoyed upward by a force equal to the weight of the liquid dis- 
placed. The displacer element is a cylinder of constant cross-sectional 
area and heavier than the liquid displaced. It must be slightly longer 
than the level change to be measured (Figure 3-3). Since the displacer 
must accurately sense the buoyant force throughout the full range of 
measurement, displacer lengths and diameters will vary according to 
the particular process requirements. 

The formula to determine the buoyant force spân for liquid level 
applications is as folio ws: 

f= v (ir) (B)(5G) 

where: 

/ = buoyant force spân (lbf or N) 

V = total displacer volume (cubic inches or cubic centimeters) 

Lw = working length of displacer (inches or millimeters) 

L = total displacer length (inches or millimeters) 

B = a constant (weight of unit volume of water) (0.036 lb f /in 3 
or 9.8 x IO -3 N/cm 3 

SG = specific gravity of the liquid 

The minimum buoyant force spân for the buoyancy level transmit- 
ters is 1.47 pounds-force or 6.7 newtons. The maximum mass of the 
displacer- plus-hanger cable must not exceed 12 pounds or 5.4 kilo- 
grams (or buoyant force spân x 6, whichever is smaller). 

For a cylindrical displacer, the formula for the volume is: 

v-(z<p)l 



Fig. 3-3, Buoyancy type level transmitter installation. 
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In the above formula, as well as the sizing of displacers, the working 
volume considered is limited to the cylindrical volume of the displacer 
and does not include the volume of the dished end pieces or hanger 
connection. 

Unless certain precautions are taken, buoyancy transmitters are 
not recommended for extremely turbulent process conditions. The tur- 
bulence may cause the displacer to swing erratically, resulting in un- 
predictable measurement effects or physical damage to the displacer, 
transmitter, or vessel. In such cases, some form of displacer contain- 
ment should be used. 

Buoyancy transmitters may be applied readily to glass-lined ves- 
sels, vessels in which a lower connection is not permissible or possible, 
density applications with fluctuating pressures or levels, and high- 
temperature service. Interface level measurement may be accom- 
plished by permitting the interface level to vary over the length of the 
displacer. 

f = V (B) (SG diff) 

SG diff = SG lower liquid minus the SG upper liquid 
Head or Pressure 

Measurement of head, or pressure, to determine level is the most 
common approach. The ways in which level may be determined by 
measuring pressure are many and varied. Some of the more common 
techniques are presented here. 

Bubble Tube Method 

In the air purge, or bubble tube system (Figure 3-4), liquid level is 
determined by measuring the pressure required to force a gas into the 
liquid at a point beneath the surface. In this way, the level may be 
obtained without the liquid entering the piping or instrument. 

A source of clean air or gas is connected through a restriction to a 
bubble tube immersed a fixed depth in the tank. The restriction reduces 
the air flow to a minute amount, which builds up pressure in the bubble 
tube until it just balances the fluid pressure at the end of the bubble 
tube. Thereafter, pressure is kept at this value by air bubbles escaping 
through the liquid. Changes in the measured level cause the air pres- 
sure in the bubble tube to build up or drop. A pressure instrument 
connected at this point can be made to register the level or volume of 
liquid. A small V-notch is filed in the bottom of the tube so that air 
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Fig. 3-4. Using bubble pipe. 


emerges in a steady stream of small bubbles rather than in intermittent 
large bubbles (Figure 3-5). 

An advantage of the bubble tube method is that corrosive or solids 
bearing liquids can damage only an inexpensive, easily replaced pipe. 

Diaphragm Box 

The diaphragm box is shown in Figure 3-6. It is similar to the dia- 
phragm seals used for pressure gauges (Figure 2-20, p. 57) except that 
the fiii is air and the diaphragm is very slack, thin, and flexible. The 


DETAIL OF NOTCH 
IN BUBBLE PIPE 



Fig. 3-5. Detail of notch in bubble pipe. 
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Fig. 3-6. Diaphragm box. 


diaphragm box is usually suspended from a chain. The instrument that 
senses the pressure changes and relates them to le vel may be mounted 
above or below the vessel. The diaphragm box is used primarily for 
water le vel measurement in open vessels. 

Pressure and Differential Pressure Methods Using Differential Pressure 
Transmitters 

These are the most popular methods of measuring liquid level and are 
shown in Figure 3-7. With an open tank, the pressure at the high 
pressure side of the cell is a measure of the liquid level. With a closed 
tank, the efifect of tank pressure on the measurement is nullified by 
piping this pressure to the opposite side of the cell. 

When a sealing fluid is used, it must possess a specific gravity 
higher than that of the liquid in the vessel. The sealing fluid must also 
be immiscible with the liquid in the vessel. 
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OPEN TANK CLOSED TANK 



Fig. 3-7. 

Spân - xG l Spân = xG h Spân = xG L 

Suppression = yG L + zG t Suppression = yG L + zG s Elevation = y dG s - yG L 

Where G L = specific gravity of liquid in tank 

G g = specific gravity of liquid in outside filled line or lines 
If transmitter is at level of lower tank tap, or if air purge is used, z- 0. 

(Note: The density of the gas in the tank has been disregarded in these calculations.) 

EXAMPLE: Assume an open tank with A" = 80 inches, y = 5 inches, and 
z = 10 inches. The specific gravity of the tank liquid is 0.8; the specific 
gravity of the liquid in the connecting leg is 0.9. 

Spân = 80 (0.8) = 64 inches head of water 
Suppression = 5 (0.8) + 10 (0.9) 

= 4 +' 9 = 13 inches head of water 

Range = 13 to 77 inches head of water 

EXAMPLE: Assume a closed tank with X = 70 inches, y = 20 inches, 
and d = 100 inches. The specific gravity of the tank liquid is 0.8; a 
sealing liquid with a specific gravity of 0.9 is used. 

Spân = 70 (0.8) = 56 inches head of water 
Elevation = 100 (0.9) - 20 (0.8) 

= 90 - 16 = 74 inches head of water 
Range = -74 to - 18 inches head of water 
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Fig. 3-8. The repeater is a flanged, force-balance, pneumatic instrument that measures 
pressure and delivers an output equal to the measured pressure. 

(minus sign indicates that the higher pressure is applied to the low side 
of the cell.) 

At times the liquid to be measured possesses characteristics that 
create special problems. Assume, for example, that the liquid being 
measured will solidify if it is applied to a wet leg and it is virtually 
impossible to keep the leg dry. This type of application could use 
a pressure repeater. The repeater (Figure 3-8) is mounted above 
the maximum level of the liquid, and the liquid level transmitter is 
mounted near the bottom of the tank. The pressure in the vapor section 
is duplicated by the repeater and transmitted to the instrument below, 
(Figure 3-9). Thus, the complications of a wet leg are avoided, and a 
varying pressure in the tank will not affect the liquid level measure- 
ment. 

The pressure range that may be repeated is 0 to 100 psi or 0 to 700 
kPa. The supply pressure must exceed the pressure to be repeated by 
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Fig. 3-9. Liquid-level transmitter (electronic or pneumatic) used with a repeater. 


20 psi or 140 kPa. A somewhat similar configuration may be arranged 
by using a sealed system as described in Chapter 2 and shown in Figure 

2-21, p. 58. 

Capacitance 

If a probe is inserted into a tank and the capacitance measured between 
it and the tank, a sizable change in capacitance will occur with liquid 
level. This phenomenon is due primarily to the substanţial difference 
between the dielectric constant of air and that of the liquid in the tank. 
This technique is best applied to nonconductive liquids, since it is best 
to avoid the problems generated by conducting materials like acids 
(Figure 3-10). 



Fig. 3-10. Capacitance. 
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Conductance 

Conductivity level sensors consist of two electrodes inserted into the 
vessel or tank to be measured. When the level rises high enough to 
provide a conductive path from one electrode to the other, a relay (solid 
state or coil) is energized. The relay may be used for either alarm or 
control purposes. Conductivity then becomes either point control or an 
alarm point. The liquid involved must be a conductor and must not be 
hazardous if a spark is created. Level by conductivity finds occasional 
applications in process plants (Figure 3-11). 

Radiation 

A radiation level measurement generally consists of a radioactive 
source on one side of the tank and a suitable detector on the other. As 
the radiation passes through the tank, its intensity varies with the 
amount of material in the tank and can be related to level. One ad- 
vantage is that nothing comes in contact with the liquid. Among the 
disadvantages are the high cost and the difficulties associated with 
radioactive materials. Radioactive techniques do have the ability to 
solve difficult level-measuring problems (Figure 3-12). 

Weight 

Occasionally the measurement of the contents of a tank is so difficult 
that none of the usual schemes will work. When this occurs it may be 
advantageous to consider a weighing system. Weight cells, either hy- 
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Fig. 3-11. Conductivity. 
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Fig. 3-12. Radiation technique. 

draulic or străin gauge, are used to weigh the vessel and its contents. 
The tare weight of the tank is zero adjusted out of the reading, which 
will result in a signal proporţional to tank contents (Figure 3-13). 

One advantage of the weight system is that there is no direct con- 
tact with the contents of the tank and the sensor. However, the system 
is not economical, and varying densities may confuse the relationship 
between signal and true level. 

Ultrasonic 

The ultrasonic level sensor (Figure 3-14) consists of an ultrasonic 
generator or oscillator operating at a frequency of approximately 



Fig. 3-13. Level measurement using weight method. 
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Fig. 3-14. Ultrasonic technique. 

20,000 Hz and a receiver. The time required for the sound waves to 
travel to the liquid and back to the receiver is carefully measured. The 
time is a measure of level. This technique has excellent reliability and 
good accuracy. Furthermore, nothing comes in contact with liquid in 
the tank, which minimizes corrosion and contaminat ion. The only gen- 
eral limitation is economic. 

Thermal 

One approach employing a thermal sensor to determine level relies on a 
difference in temperature between the liquid and air above it. When the 
liquid contacts the sensor, a point determination of level is made. 

Another approach depends on a difference in thermal conductivity 
between the liquid level sensed and the air or vapor above it. Thermal 
techniques are inexpensive, but have achieved only modest popularity 
in process applications. 

Density Measurement Methods for Liquids and Liquid Slurries 

Density is defined as mass per unit volume. Specific gravity is the 
unitless ratio of the density of a substance to the density of water at 
some standard temperature. In Europe, this is known as relative den- 
sity. 

The measurement and control of liquid density are criticai to a great 
number of industrial processes. Although density can be of interest, it 
is usually more important as an inference of composition, of concentra- 
tion of Chemicals in solution, or of solids in suspension. 
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Many methods are available to determine concentration, including 
measurement of changes in electrolytic conductivity and of rise in boil- 
ing point. This section deals with common industrial methods of 
measuring density continuously (Table 3-2). 

Agitation in a process tank where density is being measured must 
be sufficient to ensure uniformity of the liquid. Velocity effects must be 
avoided; agitation should be sufficient to maintain a uniform mixture 
without affecting head pressure at measurement points. 

Nearly all industrial liquid density instruments utilize the efifect of 
density changes on weight as a measurement. Such instrumentation 
falls into three major categories, defined by the principles employed. 
These include two other categories, radiation and vibration methods. 

For density measurement, a cylindrical displacer is located so as to 
be fully submerged. The buoyant force on the displacer changes only as 
a function of changing liquid density, and is independent of changing 
liquid level in the vessel. Buoyancy transmitters based upon the Ar- 
chimedes principie may be readily adapted to the measurement of 
liquid density or specific gravity. 

Hydrostatic Head 

Proved sui table for many industrial processes is the method that con- 
tinuously measures the pressure variations produced by a fixed height 
of liquid (Figure 3-15). Briefly, the principie is as follows: The differ- 
ence in pressure between any two elevations below the surface (A and 
B) is equal to the difference in liquid head pressure between these 
elevations. This is true regardless of variation in level above elevation 


TABLE 3-2. Liquid Density Measurement 


Method 

Minimum 

Spân 

Condition 
of Liquid 

Accuracy 
as % Spân 

Hydrometer 

0.1 

Clean 

±1% 

Displacer 

0.005 

Clean 

±1% 

Hydrostatic head 

0.05 

Any 

Vi to 1% 

Radiation 

0.05 

Any 

1% 

Weight of fixed volume 

0.05 

Clean 

1% 

Vibrating U-Tube 

0.05 

Clean 

1-3% 
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Fig. 3-15. Fixed height of liquid for density measurement. 


A. This difference in elevation is represented by dimensiona. Dimension 
(H) must be multiplied by the specific gravity (G) of the liquid to obtain 
the difference in head in inches or metres of water, which are the 
standard units for instrument calibration. 

To measure the change in head resulting from a change in specific 
gravity from G x to G 2 , it is necessary only to multiply H by the differ- 
ence between G 2 and G x . Expressed mathematically: 

P =H(G 2 - G*) (3-3) 

The change in head ( P ) is differential pressure in inches or metres of 
water. Gi is minimum specific gravity and G 2 is maximum specific 
gravity. 

It is common practice to measure only the spân of actual density 
changes. Therefore, the measurement zero is suppressed; that is, the 
instrument “zero,” or lower range value, is elevated to the mini- 
mum head pressure to be encountered. This allows the entire instru- 
ment measurement spân to be devoted to the differential caused by 
density changes. For example, if G x is 1.0 and// is 100 inches, the spân 
of the measuring device must be elevated 100 inches of water 
(H x GJ. For a second example, if Gj is 0.6 and H is 3 metres, the 
zero suppression should be 1.8 metres of water. 

The two principal relationships that must be considered in selecting 
a measuring device are: 
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Spân = H x (G 2 - G i) ^ ^ 

Zero suppression = H x Gj 

For a given instrument spân, a low gravity spân requires a greater H 
dimension (a deeper tank). 

Radiation 

Density measurements by this method are based on the principie that 
absorption of gamma radiation increases with the increasing specific 
gravity of the material measured. 

The principal instrumentation includes a constant gamma source 
(usually radium), a detector, and an indicating or recording instrument. 
Variations in radiation passing through a fixed volume of flowing pro- 
cess liquids are converted into a proporţional electrical signal by the 
detector. 

Vibration 

Damping a vibrating object in contact with the process fluid increases 
as the density of the process fluid increases. This principie is applied to 
industrial density measurement. The object that vibrates (from exter- 
nally applied energy) is usually an immersed reed or plate. A tube or 
cylinder that conducts, or is filled with, the process fluid can also be 
used. Density can be inferred from one of two measurements: changes 
in the natural frequency of vibration when energy is applied constantly, 
or changes in the amplitude of vibration when the object is “rung” 
periodically, in the “beli” mode. 

Temperature Effects and Considerations 

The density of a liquid varies with expansion due to rising temperature, 
but not all liquids expand at the same rate. Although a specific gravity 
measurement must be corrected for temperature effects to be corn- 
pletely accurate in terms of standard reference conditions for density 
and concentration, in most cases this is not a practicai necessity. 

For applications in which specific gravity measurement is ex- 
tremely criticai, it may be necessary to control temperature at a con- 
stant value. The necessary correction to the desired base temperature 
can then be included in the density instrument calibration. 
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Differential Pressure Transmitter 

There are a variety of system arrangements for hydrostatic head den- 
sity measurements with d/p Cell transmitters. Although flange-mounted 
d/p Cell transmitters are often preferred, pipe-connected transmitters 
can be used on liquids where crystallization or precipitation in stagnant 
pockets will not occur. 

These d/p Cell transmitter methods are usually superior to those 
using bubble tubes. They can be applied wherever the vessel is high 
enough to satisfy the minimum transmitter spân. They are also well 
suited for pressure and vacuum applications. 

Constant level overflow tanks permit the simplest instrumentation 
as shown in Figure 3-16. Only one d/p Cell transmitter is required. With 
H as the height of liquid above the transmitter, the equations are still: 

Spân = H x (G 2 G t ), zero suppression = H x G, 

Applications with level and/or static pressure variations require com- 
pensation. There are three basic arrangements for density measurement 
under these conditions. First, when a seal fluid can be chosen that is 
always heavier than the process fluid and will not mix with it, the 
method shown in Figure 3-17 is adequate. This method is used exten- 
sively on hydrocarbons with water in the wet leg. 


DENSITY 

SIGNAL 



Fig. 3-16. Constant level, open overflow tanks require only one d/p Cell transmitter for 
density measurement. 
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Fig. 3-17. In an open or closed tank with varying le vel and/or pressure, a wet leg can be 
filled with seal fluid heavier than the process liquid. 


For a wet leg fluid of specific gravity G s , an elevated zero transmitter 
must be used. The equations become: 

Spân = H x (G 2 - G x ), zero elevation = H x (G 8 - GJ 

When no seal or purge liquid can be tolerated, there are ways to pro- 
vide a “mechanical seal” for the low-pressure leg, or for both legs, if 
needed. Figure 3-18 shows the use of a pressure repeater for the upper 
connection. 

The repeater transmits the total pressure at elevation B to the low 
pressure side of the d/p Cell transmitter. In this way, the pressure at 
elevation B is subtracted from the pressure at elevation A. Therefore, 
the lower transmitter measures density (or H x G, where G is the 
specific gravity of the liquid). The equations for the lower transmitter 
are: 


Spân = Hx(G 2 - G x ) 

Zero suppression = H x G x 

The equation for the upper repeater is: 

Output (maximum) = di (max) x G 2 + P (max), 
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Fig. 3-18. In an open or closed tank with varying le vel and/or pressure where seal fluid 
or purge is not suitable, a pressure repeater can be used. 


where d x is the distance from elevation B to the liquid surface, andP is 
the static pressure on the tank, if any. When there is no pressure on the 
tank, the upper repeater output is a measurement of le vel. 

Transmitter locations should be as high as possible above the bot- 
tom of the tank. The process liquid then can be drained below this le vel 
for removal and maintenance of the transmitter. 


Questions 

3-1. An open tank contains a liquid of varying density and the level within 
the tank must be accurately measured. The best choice of measuring system 
would be: 

a. Bubble tube 

b. Diaphragm box 

c. Float and cable 

d. Head type with differential pressure transmitter 

3-2. A chain-suspended diaphragm box and pressure instrument are used to 
measure liquid level in a tank which is 10 feet in diameter and 15 feet deep. 
The tank contains a liquid that has a specific gravity of 0.9 at ambient 
temperature. The spân of the pressure instrument required is approximately: 

a. 10 psi c. 5 psi 

b. 25 psi d. 15 psi 



88 FEEDBACK PROCESS CONTROL 


3-3. A pressurized tank contains a liquid, SG = 1.0, and the level measuring 
pressure taps are 100 inches apart. A pneumatic differential pressure 
transmitter is used to measure level. The leg that connects the top of the tank 
to the transmitter is filled with tank liquid. The top tap should be connected 
to: 

a. The low-pressure tap on the transmitter. 

b. The high-pressure tap on the transmitter. 

c. Either the high- or the low-pressure tap. 

d. The high-pressure tap but through a seal chamber. 

3-4. In Question 3-3 the bottom connection is made to the low-pressure tap 
on the transmitter and the top is made to the high-pressure tap. The signal 
output, if the transmitter is calibrated 0 to 100 inches, when the tank is full 
will be: 

a. Top scale value c. 0 

b. Bottom scale value d. A measure of density 

3-5. A plant has a water tower mounted on top of an 80-foot platform. The 
tank is 30 feet high. What is the height of water in the tank if a pressure gauge 
on the second floor, height 15 feet, reads 40 psi. 

a. Full c. 4.74 feet 

b. 12.42 feet d. 27.42 feet 

3-6. A displacer is 5 inches in diameter and 30 inches long. If it is submerged 

to a depth of 20 inches in liquid SG = 0.8, what force will it exert on the top 
works? 

a. 11.3pounds c. 35.5 pounds 

b. 426.3 pounds d. 1.47 pounds 

3-7. A closed tank level (SG = 0.83) is measured with a differential pressure 
transmitter. The level may vary from 10 to 100 inches. The high-pressure tap 
is 10 inches above the transmitter and a water seal fluid is used. A pressure 
repeater is used for the top tank pressure. The differential pressure 
transmitter should be calibrated: 

a. 10 to 100 inches 

b. 10 to 84.7 inches 

c. 8.3 to 74.7 inches 

d. 8.3 to 98.3 inches 

3-8. To resist the corrosive effects of a very unusual, highly explosive 
Chemical, a storage tank is lead-lined. Level measurement is difficult because 
the material also solidifies once it enters a measuring tap. To measure the level 
with accuracy the best choice would be: 

a. Weigh the tank and its contents and zero out the tare weight of the tank. 

b. Use a radioactive level measurement. 

c. Install a conductivity level measurement. 

d. Use a thermal conductivity level detector. 
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3-9. A displacer 48 inches long and l s /8 inches in diameter is used to measure 
density on a 4 to 20 mA dc transmitter. Its total submerged weight changes 
from 1.42 pounds to 5.7 pounds. If the density is checked and determined to 
be 0.4 when the output is 4 mA dc, the density at an output of 12 mA dc is: 

a. 0.6 c. 1.0 

b. 0.8 d. 1.6 

3-10. A density measuring system is set up as shown in Figure 3-18. The H 
distance is 100 inches and the lower transmitter is calibrated to a 120-inch 
spân. If the transmitter is pneumatic and delivering a 12-psi signal, the 
specific gravity of the tank’s contents is: 

a. 1.0 c. 0.9 

b. 0.83 d. 1.2 




Flow Measurement 


The process industries by their very nature deal constantly with flowing 
fluids, and measurement of these flows is essential to the operation of 
the plant. These measurements are indicated, recorded, totalized, and 
used for control. Flow measurement is generally the most common 
measurement found in the process plant. 

Fluid flow measurement is accomplished by: 

A. Displacement 

1. Positive displacement meters 

2. Metering pumps 

B. Constriction Type, Differential Head 

1. Closed conduit or pipe 

a. Orifice plate 

b. Venturi tube 

c. Flow nozzle 
d* Pitot tube 

e. Elbow 

f. Target (drag force) 

g. Variable area (rotameter) 

2. Open channel 

a. Weir 

b. Flume 
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C. Velocity Flowmeters 

1. Magnetic 

2. Turbine 

3. Vortex or swirl 

4. Ultrasonic 

5. Thermal 

D. Mass Flowmeters 

1. Weight types 

2. Head and magnetic types compensated for temperature, pressure, 
and density 

3. Gyroscope precision types 

4. Centrifugal force (torque) types 

Positive displacement meters and metering pumps measure dis- 
crete quantities of flowing fluid. This flow is indicated in terms of an 
integrated or totalized flow volume (gallons, cubic feet, litres, cubic- 
metres, and the like). A ty picai application of this type of flow mea- 
surement is custody transfer, and familiar examples are domestic water 
metres and gasoline pumps. The other types of meters listed above 
measure flow rate. 

It is flow rate — quantity per time, such as gallons per minute or 
liters per second — which is most generally used for measurement and 
related control applications in the process plant. The most common 
rate meter is the constriction or head type. 


Constriction or Differential Head Type 


In this type of flow measurement a primary device or restriction in the 
flow line creates a change in fluid velocity that is sensed as a differential 
pressure (head). The instrument uşed to sense this differential pressure 
is called the secondary device, and this measurement is related to flow 
rate. The flow-measuring system, often called a flowmeter, consists of 
primary and secondary devices properly connected. 

The operation of the head-type flow-measuring system depends on 
a theorem first proposed by Daniel Bernoulli (1700-1782). According to 
this theorem the total energy at a point in a pipeline is equal to the total 
energy at a second point if friction between the points is neglected. 

The energy balance between Points 1 and 2 in a pipeline can be 
expressed as follows: 



(VmJ* 
2 G 



2 G 


+ Z X 
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where: 

P = Static pressure, absolute 

Vm = Fluid stream velocity 
Z = Elevation of center line of the pipe 
p = Fluid density 
G = Acceleration due to gravity 

If the energy is divided into two forms, static head and dynamic or 
velocity head, some of the inferential flow devices can be more easily 
studied. 

For example, with an orifice plate, the change in cross- secţionai 
area between the pipe and the orifice produces a change in flow velocity 
(Figure 4-1). The flow increases to pass through the orifice. Since total 
energy at the inlet to, and at the throat of, the orifice remains the same 
(neglecting losses), the velocity head at the throat must increase, caus- 
ing a corresponding decrease in static head. Therefore, there is a head 
difference between a point immediately ahead of the restriction and a 
point within the restriction or downstream from it. The resulting differ- 
ential head or pressure is a fiinction of velocity that can then be related 
to flow. Mechanical flow-measuring instruments use some device or 
restriction in a flow line that results in such a differential head. 

The following should clarify these relationships. Assume a tank as 
shown in Figure 4-2. A flow line enters the tank and replaces the out- 



Fig. 4-1. Orifice plate differential producer. The difference in head (pressure) atPi and 
P 2 is a function of velocity which can be related to flow. 
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Q = A>/2gh 



Fig. 4-2. Free and tank-totank flow, used to simplify concept of flow formula (4-1). 


flow through the orifice located near the bottom of the tank. If the level 
in the tank is H y the velocity of outflow will be: 

V 2 = 2 GH 


or 


V = V2GH 

This is the law of falling bodies that is developed in most physics 
books. The volume of liquid discharged per time unit through the 
orifice can be calculated by geometry. 

Q = AV 

Substituting the expression for velocity in this equation: 

Q=aVÎGH (4-1) 

This expression may also be used to calculate the rate of flow past a 
point in a pipe. The actual flow rate will be less than this equation will 
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calculate. The reducfion is caused by several factors, including friction 
and contraction of the stream within the pipe. Fortunately all common 
primary devices have been extensively tested and their coefficients 
determined. These data become part of the flow calculations. 

Primary Devices 

The orifice plate is the most popular primary device found in most 
process plants. Orifice plates are applicable to all clean fluids, but are 
not generally applicable to fluids containing solids in suspension (dirty 
fluids). 

A convenţional orifice plate consists of a thin circular plate contain- 
ing a concentric hole (Figure 4-3). The plate is usually made of stainless 
Steel but other materials, such as monel, nickel, hastelloy, Steel, glass, 
and plastics, are occasionally used. The most popular orifice plate is the 
sharp-edged type. The upstream face of the plate usually is polished 
and the downstream side is often counterbored to prevent any interfer- 
ence with the flowing fluid. The bore in the plate is held to a tolerance 
of a few ten-thousandths of an inch in small sizes and to within a few 
thousandths in sizes above 5 inches in diameter. 

In addition to the convenţional, sharp-edged, concentric plate, 
there are others that have been designed to handle special situations. 
These special types constitute only a small percentage of the total, but 
they do occasionally solve a difficult problem. 

There are two plates (Figure 4-3) designed to accommodate limited 
amounts of suspended solids. The eccentric plate has a hole that is 
bored off-center, usually tangent to the bottom of the flow line (inside 
periphery of the pipe). The segmentai orifice plate has a segment re- 
moved from the lower half of the orifice plate. In addition, there are 





CONCENTRIC 


ECCENTRIC 


SEGMENTAL 


Fig. 4-3. Orifice plate types. 
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quadrant-edged or special-purpose orifice plates with rounded edges. 
This design minimizes the effect of low Reynolds number (see below). 

Orifice plates along with other primary devices operate most satis- 
factorily at high flow rates. The reason is the change in flow coefficient 
that occurs when the flow rate changes from high to very low. When 
this happens the flow velocity distribution changes from uniform to 
parabolic. This may be related to a ratio of inerţia forces to viscous 
forces called Reynolds number. 

_ , , . Average Fluid Velocity x Orifice Diameter 

Reynolds Number = rr — . - ... r 

Absolute Viscosity 

In most process plants the Reynolds numbers encountered will be 
high — between 10,000 and 1,000,000. Under these conditions the flow 
coefficients stay fixed and head-type flow measurements are reasonably 
accurate. To achieve the ultimate in accuracy, a Reynolds number 
correction is made and this is described in the text Principles and Prac- 
tices of Flowmeter Engineering by L. K. Spink. At low Reynolds num- 
ber, the flow changes from turbulent to parabolic or laminar and the 
coefficients undergo a change. The changeover cannot be precisely 
defined, which makes the application of head-type flow measurements 
difficult at low-flow velocities. The quadrant-edged orifice has the abil- 
ity to perform well at lower velocities than the square-edged plate. 
However, it does not perform as well at high Reynolds numbers (ve- 
locities). 

Orifice plates that are to handle liquids containing small amounts of 
dissolved air should contain a small vent hole bored at the top to permit 
the air to pass through the plate. Specifications have been established 
for the size of this vent hole in relation to the size of the orifice. Plates 
for use with steam should have a similar hole drilled at the bottom to 
drain any condensed steam. In certain flow measurements, the orifice 
plate should also have a bottom drain hole to permit the condensation 
to drain. 

Table 4-1 summarizes application factors to help in deciding 
whether the orifice plate can do a particular job. 

Another primary device that is frequently found in the process 
plant is the Venturi tube shown in Figure 4-4. The Venturi tube pro- 
duces a large differential with a minimum permanent pressure loss. It 
has the added advantage of being able to measure flows containing 
suspended solids. The most significant disadvantage is its cost which, 
when compared with other primary devices, is high. 
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Table 4-1. Primary Flow Measurement Devices 


s wtt /■ : 




£ | 
&0 i 
<2 -2 


Accuracy (empirical 
data) 

DifferentiaJ produced 
for given flow and size 
Pressure loss # 

Usc on dirty service 
For liquids containing 
vapors 

For vapors containing 

condensate 

For viscous flows 

First cost 

Ease of changing 

capacity 

Ease of instaUation 


E E 

None G E E 

^ P P P P 

P E P F 

E E 

P E t E 

F G F U 

P G E G 

E G E G 

F G G G 


G G G 

E G G F 

P G P None 
P E G VP 

G F 

t E G 

E G G § 

G P F G 

E P F VP 

G F F E 


P G E 

E None 
None E E 

P G E 

F G E 

G None 
U F E 

E P P 

VP P E 

G F F 


E 

G 

G 

U 

U 

U 

VP 

p 

G 

F 


E 

G 

F 

P 

VP 

U 

# 


Excellent 

Good 

Fair 

Poor 

Very poor 
Unknown 

E indicates lowest loss, P highest, etc. 


* For measuring velocity at one point in conduit the 
well-designed Pitot tube is reliable. For measuring 
total flow, accuracy depends on velocity traverse, 
t Excellent in vertical line if flow is upward. 

$ Excellent in vertical line if flow is downward. 

§ Requires a velocity traverse. 


Several other primary devices may be classified as modifications of 
the Venturi tube. The Lo-Loss and Dall tubes are similar in many ways 
to the Venturi. The flow nozzle (Figure 4-5) has some similarity but 
does not have a diffuser cone, and this limits its ability to minimize 
permanent pressure loss. The Venturi family of primary devices is often 


HIGH PRESSURE LOW PRESSURE 

PIPE OQNNECTfQN PIPE CONNECTlQN 



INLET THROAT OUTLET 


Fig. 4-4. The Herschel Venturi tube, developed in 1888, to produce a large differential 
pressure with a small head loss. 
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Fig. 4-5. Flow nozzle assembly. 


chosen to minimize permanent pressure loss or to cope with solids 
suspended in the flowing material. Table 4-1 provides aid in making a 
selection. 

The Pitot tube is another primary device. It has the advantage of 
practically no pressure drop. Its limitations are its inability to handle 
solids carried by the flowing material and somewhat limited accuracy. 
Solids tend to plug the openings in the tube, and the classical Pitot tube 
senses impact pressure at only one point, thus decreasing accuracy. A 
multi-impact opening type (annubar tube) is available which improves 
the potenţial accuracy. In the process plant Pitot tubes are used more 
for testing than for continuous use. It is possible to install a Pitot tube 
into a flow line under pressure if the required equipment is available. 

Occasionally a pipe elbow (Figure 4-6) may be used as a primary 
device. Elbow taps have an advantage in that most piping configura- 
tions contain elbows that can be used. If an exist ing elbow is used, no 
additional pressure drop is created and the expense involved is mini- 
mal. The disadvantages are that accuracy will be lacking and dirty 
flows may tend to plug the taps. Repeatability should be reasonably 
good. Two taps locations are used at either 45 or 22 Vi degrees from the 
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Fig. 4-6. Elbow (used as primary device). 

inlet face of the elbow. At low-flow velocities, the differential produced 
is inadequate for good measurement, thus the elbow is a usable choice 
only for high top-scale velocities. 

The target or drag body flow device (Figure 4-7) is in many ways a 
variation of the orifice plate. Instead of a plate containing a bore 
through which the flow passes, this device contains a solid circular disc 
and the flow passes around it. An essential part of the measurement is 
the force-balance transducer that converts this force into a signal. This 
signal is related to flow squared, just as it would be with any other 
primary device connected to a differential pressure transmitter. The 



Fig. 4-7. Target flowmeter. 
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target meter may be generally applied to the measurement of liquids, 
vapors, and gases. Condensates pass freely along the bottom of the 
pipe, while gases and vapors pass easily along at the top. The target 
flow device has demonstrated the ability to handle many difficult as- 
signments not possible with other primary elements. Both pneumatic 
and electronic force-balance transducers can be used, making either 
type signal, pneumatic or electric, available. 


Secondary Devices 

Secondary instruments measure the differential produced at the pri- 
mary devices and convert it into a signal for transmission or into a 
motion for indication, recording, or totalization. 

Secondary instruments include the mercury manometer, the so- 
called mercuryless or diaphragm (bellows) meter and various types of 
force-balance and motion-balance pneumatic and electronic transmit- 
ters. 

In the past the mercury manometer was an extremely popular sec- 
ondary device, but the high price and danger of mercury have all but 
eliminated it from everyday use. However, a few mercury manometers 
are still employed for flow rate measurements in gas pipelines. The 
bellows or diaphragm secondary devices are popular when a direct 
indication or record is desired. The most popular secondary device is 
the force-balance transmitter. The reasons for this popularity are vir- 
tually unlimited adjustability, no harm from extensive overrange, and 
the availability of a standard signal that can be fed into a recorder, a 
controller, or other instruments that may be combined to form a Sys- 
tem. 

Still another detail is the mounting of the secondary device (loca- 
tions are shown in Figure 4-8). With liquid flow, the secondary device is 




STEAM FLOW 


Fig. 4-8. Flow. 
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below the pipeline being measured to ensure that the connecting lines 
attached to the side of the pipe remain liquid filled. With steam, the 
lines should always remain filled with condensate; but with gas, the 
secondary device is mounted above the flow line to drain away any 
liquid that may be present. 

When any primary device is installed in a pipeline, the accuracy 
will be improved if as much straight run as possible precedes it. 
Straight run beyond the primary device is of far less concern. 

Still another important consideration is the location of the pressure 
taps. With nozzles, Venturi, Dall and Pitot tubes, and elbows, the 
pressure tap locations are established. For orifice plates, however, a 
variety of tap locations are used. These are flange, corner, vena con- 
tracta, or D and D/2, along with full flow or pipe taps. Figure 4-9 
describes these tap locations, and Figure 4-10 shows the importance of 
tap location. In general, flange taps are preferred except when physical 
limitktions make pipe taps advantageous. Corner taps require a special 
flange and vena contracta tap locations reiate to orifice openings. 
Corner taps are advantageous for pipe sizes under 2 inches. 

Figure 4-11 describes the permanent head loss caused by the pri- 
mary device selected. 

Relating Flow Rate to Differential 

The two basic formulas have already been introduced. In the English 
system, G = 32 feet per second squared, and in the metric system, 
G = 980 centimetres per second squared. The height ( h ) would be ex- 
pressed in feet in the English system and centimetres in the metric 

COPNER TAPS CC V£NA CONTRACTA ANO RADIUS TAPS 



Fig. 4-9. Tap locations fororifices. 
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Fig. 4-10. Differential pressure profile with orifice plate. 

♦ 

system. In Equation 4-1, area (A) would be expressed in square feet 
and in the metric system in square centimetres yielding cubic feet per 
second or cubic centimetres per second. In the United States, the 
English system is the most common. This system is in the process of 
being changed to the SI metric, but it appears that the total conversion 



Fig. 4-11. Permanent head loss in a differential producer may be plotted as a percent of 
measured differential for the several types of primary devices. These values must be 
interpreted according to the acceptable head loss limit for any particular application. 
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will take a long time to complete. For this reason the sample calcula- 
tions that follow will use the English system. 

In Equation 4-1, V is in feet per second; the acceleration due to 
gravity (G) is in feet per second squared; H is the height in feet of a 
column of the fluid caused by the differential pressure across a primary 
device. To express this equation in terms of an equivalent differential 
( h ), in inches of water, H is replaced by (h/l2)G f ) where G f is the 
specific gravity of the fluid at flowing temperature. 

Substituting V into Equation 4-1: 

where: 

Q = Volumetric flow (cubic feet per second) 

A = Cross-sectional area of the orifice or throat of the primary 
device (square feet) 

h = Differential across the primary device (inches of water) 

G f = Specific gravity of the fluid (dimensionless) 

G = Acceleration due to gravity (a constant: 32. 17 feet per second 2 ) 

For liquids, it is more useful to express Q in gallons per minute. 
Also, it is convenient to express the area of the orifice or throat in 
terms of its diameter ( d in inches). Substituting in Equation 4-2: 


0 (gpm) = 60 x 7.4805 x x 

Q (gpm) = 5.667 x d 2 x 



(4-3) 


Equation 4-3 must be modified to take into account several factors, 
such as the contraction of the jet, frictional losses, viscosity, and the 
velocity of approach. This modification is accomplished by applying a 
discharge coefificient ( K) to the equation. K is defined as the actual 
flow rate divided by the theoretical flow rate through the primary 
device. Basic texts carry K factors for most primary devices. For 
instance, K is listed according to various pressure tap locations, and 
d/D ratios. Where extremely accurate results are required, however, 
the K factor must be determined in the laboratory by actual flow 
calibration of the primary device. 
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Applying K to Equation 4-3 gives: 

Q (gpm) = 5.667 Kd* ^ 

Since both K and d are unknown, another value is defined. The 
quantity (5) is set equal to K (d/D) 2 . Since Kd 2 then equals SD 2 , 
substitution produces: 

Q (gpm) = 5.667 SD* ^ 

S values (sizing factor) are tabulated against beta ratios (d/D) for various 
differential devices in Table 4-2. 

Effect of Temperature on Flow Rate 

The above equations give the flow through the primary device at condi- 
tions that exist at the time the measurement is made. In most indus- 
tries, it is more desirable to know the equivalent volume flow at a stated 
reference temperature, usually 60°F (15.6°C). 

For liquids, this correction can be applied by multiplying the equa- 
tion by the ratio of the liquid specific gravity at the flowing temperature 
(G f ) divided by the liquid specific gravity at the reference temperature 
(Gi). Thus Q gallons per minute at the reference temperature: 

Q = 5.667 ( 4 - 6 ) 

which simplifies to: 

e = 5.66, ŞI^VGĂ 

Similar equations can be developed for steam or vapor flow in weight 
units (such as pounds per hour) or for gas flow in volume units such 
as standard cubic feet per hour (scfh). 


W (pounds per hour) = 359 SD 2 Vky f 
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Table 4-2. Sizing Factors 


Beta 

or 

dID 

Ratio 

“ * «“-"‘O * ***' 

Square-Edged 
Orifice, Flange 
Corner or 
Radius Taps 

Full-Flow 

(Pipi) 

2 Vi & SD 
Taps 

Nozzle 

and 

Venturi 

Lo-Loss 

Tube 

Dall 

Tube 

Quadrant- 

Edged 

Orifice 

0.100 

0.005990 

0.006100 





0.125 

0.009364 

0.009591 





0.150 

0.01349 

0.01389 





0.175 

0.01839 

0.01902 





0.200 

0.02402 

0.02499 




0.0305 

0.225 

0.03044 

0.03183 




0.0390 

0.250 

0.03760 

0.03957 




0.0484 

0.275 

0.04558 

0.04826 




0.0587 

0.300 

0.05432 

0.05796 

0.08858 



0.0700 

0.325 

0.06390 

0.06874 

0.1041 



0.0824 

0.350 

0.07429 

0.08068 

0.1210 

0.1048 


0.0959 

0.375 

0.08559 

0.09390 

0.1392 

0.1198 


0.1106 

0.400 

0.09776 

0. 1085 

0.1588 

0.1356 

0.1170 

0.1267 

0.425 

0.1109 

0.1247 

0.1800 

0.1527 

0.1335 

0.1443 

0.450 

0.1251 

0.1426 

0.2026 

0.1705 

0.1500 

0.1635 

0.475 

0.1404 

0.1625 

0.2270 

0.1900 

0.1665 

0.1844 

0.500 

0.1568 

0.1845 

0.2530 

0.2098 

0.1830 

0.207 

0.525 

0.1745 

0.2090 

0.2810 

0.2312 

0.2044 

0.232 

0.550 

0.1937 

0.2362 

0.3110 

0.2539 

0.2258 

0.260 

0.575 

0.2144 

0.2664 

0.3433 

0.2783 

0.2472 

0.292 

0.600 

0.2369 

0.3002 

0.3781 

0.3041 

0.2685 

0.326 

0.625 

0.2614 

0.3377 

0.4159 

0.3318 

0.2956 

0.364 

0.650 

0.2879 

0.3796 

0.4568 

0.3617 

0.3228 


0.675 

0.3171 

0.4262 

0.5016 

0.3939 

0.3499 


0.700 

0.3488 

0.4782 

0.5509 

0.4289 

0.3770 


0.725 

0.3838 


0.6054 

0.4846 

0.4100 


0.750 

0.4222 


0.6667 

0.5111 

0.4430 


0.775 

0.4646 



0.5598 

0.4840 


0.800 

0.5113 



0.6153 

0.5250 


0.820 




0.6666 

0.5635 




FOR AN ELBOW WlTH 
45* taps. s -.68/77“ 
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In Equations 4-8 and 4-9: 

y f = Specific weight of the steam or vapor at operating conditions 
in pounds per cubic foot 

T b = Reference temperature (absolute); (i.e., 460 plus the reference 
temperature in °F.) 

p b = Reference pressure (psi absolute) 

T f = Operating temperature at the primary device (absolute); (i.e., 
460 plus operating temperature in °F.) 

Pr — Operating pressure (psi absolute) 

G = Specific gravity of the gas (molecular weight of the gas divided 
by the molecular weight of air or the weight of a volume of the 
gas at a given temperature and pressure divided by the weight 
of an equal volume of air at the same temperature and pressure). 


The reference temperature is very often 60°F and the reference 
pressure atmospheric 14.7 psi absolute. If these are the standard condi- 
tions, Equation 4-9 can be simplified to: 


G(scfh) = 7,727 SD 2 



( 4 - 10 ) 


Equation 4-10 is applicable to gas flow only when the pressure 
differential is small enough so that gas density does not change signifi- 
cantly . A simple rule of thumb is that the maximum differential in inches 
of water should not exceed the absolute operating pressure in psi abso- 
lute. For example, if the gas operating pressure is 22 psi absolute, at a 
particular installation, and the maximum differential is 20 inches of 
water, Equation 4-10 can be used. 

Flow rate measurements for gas and steam are more difficult to 
make with accuracy than those for liquid. The reason is changes in 
specific gravity, weight, temperature, pressure, and so on, that may 
occur under operating conditions. 

These changes will have an effect on measurement accuracy and 
under certain conditions may be difficult to predict. An abbreviated set 
of tables for the formulas given are included in this book. If more 
accuracy is required, more exact equations, along with detailed tables, 
such as those found in Principie s and Practice of Flow Meter Engineering 
by Spink, should be used. 

Another method of performing these flow calculations is to use a 
flow slide rule. The flow slide rule has the table values incorporated 
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into its scales. If the tables given are used, the resulting accuracy 
should be as good as the flow slide rule. 

Now several sample problems are given to demonstrate the proce- 
dure folio wed for each type of calculation. Additional problems are 
given at the end of this chapter. 

sample PROBLEM 1 A 4-inch schedule 40 pipe carries water that is 
measured by a concentric, sharp-edged, orifice plate, d = 2.000 inches, 
with flange taps. The differential is measured with an electronic differ- 
ential pressure transmitter. The transmitter is calibrated 0 to 100 inches 
of water pressure and has an output of 4 to 20 mA dc. If the signal from 
the transmitter is 18.4 mA dc, find the flow rate. 

Step /. Convert the electrical signal to differential pressure. 

x 100 = 90 inches of water 

20-4 

Determine ID of 4-inch schedule 40 pipe (see Appendix, table 

A-4) = 4.026 inches. 

~ . d 2.000 A AgyLQ 

Calculate ~ = 0.4968 

D 4.026 

From Table 4-2 determine S. This will require interpolation. 

0.475 0.1404 

0.4968 5 

0.5000 0.1568 

5 - ( o3ooo ~ ^ ~ <M7î ) <0 1568 - 0 1404 > V 01404 

S - 0.1547 

Step 5. Substitute in Equation 4-7: 


Step 2. 

Step 3 . 
Step 4. 


Q tgpm) = 5.667 x 0.1547 x 4.026 x 4.026 

= 5.667 x 0.1547 x 16.21 x 9.487 
= 134.83 or 135 gpm 
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s ample problem 2 An elbow is used as a primary device. The taps are 
made at 45 degrees. The line is a 6-inch schedule 40 pipe. What is 
the water flow rate if the effective radius of curvature is 9 inches 
and a differential pressure of 35 inches of water pressure is produced. 


5-0.68^0.68^- 0.8283 

X[h 

Q (gpm) = 5.667 SD 2 yj ~r 


= 5.667 x 0.8283 x 6.065 X 6.065 



= 172.66 V35 = ,021.47 gpm 


s ample problem 3 Dry-saturated steam is measured with a flow noz- 
zle. The d/D is 0.45 and the line size is a 8-inch schedule 80 pipe. The 
static pressure is 335 psi. Calculate the flow rate at a differential 
pressure of 200 inches of water in pounds per hour. 


W(pounds per hr.) = 359 SD 2 \Zhy f 
from Table 4-2 


(4-8) 


S = 0.2026 

D = 7.625 inches (Table A-4) 
y f = 0.754 pounds per cubic feet 

W(pounds per hour) = 359 x 0.2026 x 7.625 2 V200 x 0.754 
= 4,228.77 x 12.28 
W = 51,929 pounds per hour 

sample problem 4 A 6-inch schedule 40 pipe (ID-6.065) carries fuel 
gas with a specific gravity of 0.88. The line pressure is 25 psi. Flowing 
temperature is 60°F and the flow is measured with an orifice plate with 
flange taps. The maximum flow rate is 2,000,000 standard cubic feet per 
day. Find the diameter of the hole to be bored in the concentric orifice 
plate if 20 inches of water pressure is full-scale differential. 
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Q (scfh) = 7,727 SD s 


2,000,000 


2,000,000 „ .. f nr „ / 20(25 +J5)_ 

24 “ 7 ’ 727 * 5 * 6 065 V (460 + 60)0.88 

8,3333.33 = 7,727 x 5 x 36.78 x 1.322 

c _ 83,333.33 » 2218 

7,727 x 36.78 x 1.322 

From Table 4-2 


= 0.2218 


d = / .2218 - ,2144 \ 5 

D \ .2369 - .2144,/ 
d = (.S83)(6.065) = 3.536 inches 


.025 + .575 = .5832 


SAMPLE problem 5 Gasoline is carried in a 2-inch schedule 40 pipe 
(ID = 2.067). A concentric sharp-edged orifice plate with corner taps 
is used to measure flow rate. The orifice bore is 1 inch in diameter, 
and at full flow, 50 inches of water differential is produced. The 
specific gravity of the gasoline is 0.75. What is the flow rate? 

Q (gpm) = 5.667 SD* a/J 


d_ 1 
D 2 
_d 
D 
0.4 
0.484 
0.5 


= 0.484 


0.0978 


0.3 U. 1300 

[ Interpolation 1 

y_- 0 y x (o 1568 - oo978 )j ^ ° ( 

S = X 0 . 059 ] + 0.0978 = 0.1474 


Q = 5.667 x 0.1474 x 2.067 x 2.067 x yj 

= 5.667 x 0.1474 x 2.067 x 2.067 x 8.165 
= 29. 14 gpm 
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Variable Area Meters (Rotameter) 

The variable area (Figure 4-12) meter is a form of head meter. In this 
flowmeter the area of the flow restriction varies so as to maintain a 
constant differential pressure. The variable area meter, which is often 
called a rotameter, consists of a vertical tapered tube through which the 
fluid flow being measured passes in an upward direction. A float or 
rotor is contained within the tapered tube. This rotor or float is made of 
some material — usually metal — more dense than the fluid being mea- 
sured. As the flow moves up through the tapered tube, it elevates the 
float until balance between gravity acting on the float and the upward 
force created by the flow is achieved. In achieving this balance of 
forces, the area through which the fluid passes has automatically been 
adjusted to accommodate that flow rate. 

The tapered tube is often made of transparent material so the float 
position can be observed and related to a scale calibrated in units of 
flow rate. The rotameter is often used to measure low-flow rate. When 
very large flow rates are to be measured, a bypass rotameter may be 
used. This consists of an orifice in the main flow line with the variable 
area meter connected in parallel. An industrial rotameter is useful over 
the upper 90 percent of its scale. The accuracy of the rotameter, like 
any head type, depends on many factors. Typical errors may vary 
between 1 and 10 percent of full scale value. 

Open-Channel Flow Rate Measurements 

Flow rate measurements in open channels are fundamental to handling 
water and waste. Environmental considerations have made these mea- 


u-iirLi ' 



Fig. 4-12. Variable area (rotameter) flowmeter. 
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surements common in the typical process plant. Open-channel mea- 
surements utilize head meter techniques. 

Primary Devices 

The primary devices used in open-channel flow rate measurements are 
weirs and flumes. There are two basic weirs — the rectangular and the 
V-notch. The rectangular weir is made in three varieties (Figure 4-13). 
The first has contractions or extensions into the channel that produce a 
boxlike opening. The second modification completely suppresses these 
contractions, extending the weir across the entire width of the channel. 
The third type, the so-called Cippoletti weir, has end contractions set at 
a 4 : 1 angle, rather than being perpendicular to the edge of the weir. 
Rectangular weirs are primarily designed for larger flow; their limit on 
range is dictated by the design of the associated channels. Figure 4-14 
shows the ranges of weir capacity for the different types and sizes of 
weirs. 

V-notch weirs are essentially plates (usually metal) that contain a 
V-shaped notch (Figure 4-13). The angle of the V can vary, but the 
formulas given are for the most common angles 30, 60, and 90 degrees. 
V-notch weirs are employed for lower flow rates than those that would 
be measured by a rectangular weir. 

In weir measurement (Figure 4-15) the nappe, or pro file of water 
over the weir, must be completely aerated if good accuracy is to be 
obtained. AII weirs then produce some head loss as the liquid falls free. 
If head loss is a problem, a flume might be a better choice. 

Flumes, a further development of the basic weir concept, are de- 
signed primarily to reduce the head loss that is experienced with the 




Fig. 4-13. Rectangular, Cippoletti, and V-notch weirs. 
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Fig. 4-15. Aeration under nappe of weir. 

weir. Flumes are also able to handle solids suspended in the fiowing 
liquid. 

A very popular flume is the Parshall flume. It is somewhat similar 
to one-half of a rectangular Venturi tube. In flume measurement, head 
losses are reduced because it is not necessary to create the nappe. The 
Parshall flume is shown in Figure 4-16 and Table 4-3 gives the dimen- 



Fig. 4-16. Diagram and dimensions of Parshall flume. 
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Fig. 4-17. Le vel and flow relationship for Parshall flume. 
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sions. By referring to Figure 4-17 the dimensions of a flume capable of 
measuring a prescribed flow rate may be selected. Small flumes may be 
purchased and installed while large flumes are generally fabricated on 
site. Several companies specialize in the construction and calibration of 
flumes. 

Under ideal conditions, measurements by weirs are very accurate. 
In actual plant measurement, however, this may not be true because it 
is not practicai to minimize the velocity of approach factor. The corre- 
lation between level and flow typically has an error of 3 to 5 percent. 
When the error of making the level measurement and relating it to flow 
rate is added, the total overall error may be as high as ±5 percent. 
Equations for the more common open-channel flow devices are given in 
Table 4-4. 

The equations for most open-channel primary devices are non- 
linear. To convert head into flow rate it would be necessary to perform 
an extensive calculation. This step is generally eliminated by having the 
instrument perform the calculation. This is accomplished either with a 


Table 4-4. Equations for Common Open-Channel 
Flow Devices 


V-Notch Weir 
3 OP Q c(s = .6650 H 5 ' 2 
60° Q cfs = 1.432 H 5,a 
90P Q cts = 2.481 H 5/2 

Rectangular Weir ( with end contractions) 

Q = 3.33 (L-0.2H) H sa 

Rectangular Weir (without end contractions ) 
Q = 3.33 LH 3 « 

Cippoletti Weir 
Q = 3.367 LH 3 ' 2 


Parshall flume 



Flume 


Flume 


size (in.) 


size (in.) 

3- 

Q = 0.992 H l 547 

18 

Q = 6.00 H 1 538 

6 

Q = 2.06 H ! 58 

24 

Q = 8.00 H 1 550 

9 

Q = 3.07 H 1 53 

36 

Q = 12.00 H 1 566 

12 

Q = 4.00 H> 522 

48 

Q = 16.00 H‘ 578 

Q = 

cfs; L = crest length (ft); H 

= I 

head (ft) 
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cam or by means of a special chart or scale. The head is measured with 
any one of several instruments. Several popular types are: float-and- 
cable, ball float, bubble, and pressure-sensing. A typical installation is 
shown in Figure 4-18. 

Installation and Selection Considerations 

To determine the type of primary device to be used for open-channel 
flow measurement, the following factors must be considered: 

Probable flow range 
Acceptable head loss 
Required accuracy 
Condition of liquid 

Probably all of the devices will work, but usually one type will be 
the most suited to the installation. It must be remembered that a weir 
will not function properly if the weir nappe is not aerated, and the flume 
must be maintained at criticai depth; otherwise these devices do not 
function properly. Nappe aeration is largely a question of level in the 
receiving channel. If the liquid rises so that clearance is insufficient for 
aeration, accurate flow measurement is impossible. When the flow 
drops so that the nappe is not aerated but is drawn to the weir edge by 
capillary attraction, the device does not operate properly. 

Minimum weir flows are difiicult to calculate because they depend 
to some degree on the nature of the weir. If the weir is properly sized, 
minimum flow will produce a substanţial, measurable amount of head 
over the weir. Figure 4-17 shows the relationship between level and 
flow for the Parshall flume (Figure 4-16). Dimensions and maximum 
and minimum flows for the flume are tabulated in Table 4-3. 



Fig. 4-18. V-Notch weir with float-and-cable. 
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Velocity Flowmeters 

Magnetic Flowmeter 

The principie of the magnetic flowmeter was first stated by Faraday in 
1832, but did not appear as a practicai measurement for the process 
plant until the 1950s. Its advantages are no obstruction to flow, hence 
no head loss; it can accommodate solids in suspension; and it has no 
pressure connections to plug up. It is very accurate and has a linear 
flow rate to output relationship. Its disadvantages are that measured 
material must be liquid; the liquid must have some electrical con- 
ductivity; and it is expensive. 

Operation 

Operation of the magnetic flowmeter is based on Faraday’ s well-known 
law of electromagnetic induction: The voltage ( E ) induced in a con- 
ductor of length (D) moving through a magnetic field ( H ) is proporţional 
to the velocity (V) of the conductor. The voltage is generated in a plane 
that is mutually perpendicular to both the velocity of the conductor and 
the magnetic field. Stated in mathematical form: 

E = CHDV ( 4 - 11 ) 

where C is a dimensional constant. Industrial power generators and 
tachometer generators used for speed measurement operate on the 
same principie, electrically conductive process liquid acts in a similar 
manner to a rotor in a generator. That is, the liquid passes through a 
magnetic field (Figure 4-19) induced by coils (Figure 4-20) built around 
a section of pipe. The process liquid is electrically insulated from the 
pipe, or flow tube, by the use of a suitable lining when a metal tube is 
used, so that the generated voltage is not dissipated through the 
pipeline. Two metallic electrodes are mounted in the flow tube and 
insulated from it; a voltage is developed across these electrodes that is 
directly proporţional to the average velocity of the liquid passing 
through the magnetic field. Because the coils are energized by altemat- 
ing current power, the magnetic field and resultant induced voltage is 
altemating. This generated voltage is protected from interference, 
amplified, and transformed into a standard dc current signal by a 
transmitter or converter. Line voltage variations are canceled by the 
circuits employed. 

The magnetic flowmeter measures volume rate at the flowing tem- 
perature independent of the effects of viscosity, density, turbulence or 
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suspended material. Most industrial liquids can be measured by mag- 
netic flowmeters. Exceptions are some organic Chemicals and most refin- 
ery products. Water, acids, bases, slurries, liquids with suspended sol- 
ids, and industrial wastes are common applications. The limitation is 
the electrical conductivity of the liquid. The magnetic flowmeter offers 
no mo re restriction to flow than an equivalent length of pipe, Figure 
4 - 21 . 

Structurally, a magnetic flowmeter consists of either a lined metal 
tube, usually stainless Steel because of its magnetic properties, or an 
unlined nonmetallic tube. Linings for the metal tubes can be poly- 
tetrafluoroethylene (Teflon), polyurethane, or some other nonmagnetic, 
nonconducting material. 

The electrodes are suitably insulated from the metal tube. Non- 
metallic fiberglass flow tubes do not require any lining. The electrodes 
must be insulated so that the voltage generated can be measured across 
the electrodes. The insulation has no bearing on the actual voltage 
generation, but without the insulator, voltage would bleed off through 
the metallic walls of the tube. 

The coils are similar in design to the deflection coils used on a 
tele vision picture tube. Two coils are used and work together to create 
a uniform magnetic field. The coils are generally series-connected, but 
may be parallel-connected if the measured flow velocity is low. 

The signal output from the flow tube’s electrodes is an altemating 



Fig. 4-21. Unobstructed flow. 
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voltage at supply frequency. This low-level voltage is generally be- 
tween 1 mV and 30 mV at full flow rate. 

This low-level altemating voltage must be measured and converted 
either into a record or display or into a dc common denominator trans- 
mission signal. This signal, typically 4 mA at zero and 20 mA at full 
scale, can be fed into a recorder or controller. The device that can 
accomplish this is a special type of transmitter. This transmitter is 
located either directly on the flow tube (Figure 4-22), near it, or within 
the control room. The preferred location is as near to the flow tube as 
possible; temperature and corrosive conditions are the constraints that 
dictate location. In some applications a digital or puise rate signal out- 
put from the transmitter may be required, and this option is available. 

Accuracy 

The accuracy of most magnetic flowmeter systems is 1 percent of full- 
scale measurement. This includes the accuracy of both the meter itself 
and its secondary instrument. Because this type of meter is inherently 
linear, its accuracy at low-flow rates exceeds the practicai accuracy of 
such inferential devices as the Venturi tube. Accuracy of the Venturi is 
±0.75 percent, according to ASME Fluid Meters Report, and that of 
the secondary instrument is about ±0.5 percent. At the low end of the 
measurement scale, secondary instrument readability decreases owing 
to the square root relationship. The magnetic flowmeter can be labora- 



Fig. 4-22. Foxboro magnetic flow tube and transmitter. 
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tory calibrated to an accuracy of 0.5 percent of full scale and is linear 
throughout. 

Vortex Flowmeter 

The Foxboro Vortex flowmeter, as shown in Figure 4-23, measures 
liquid, gas, or steam flow rates using the principie of vortex shedding. 
The transmitter produces either an electronic analog or puise rate sig- 
nal linearly proporţional to volumetric flow rate. 

Principie of Operation 

The phenomenon of vortex shedding can occur whenever a nonstream- 
lined obstruction is placed in a flowing stream. As the liquid passes 
around the obstruction, the stream cannot follow the sharp contours 
and becomes separated from the body. High-velocity liquid pârtie Ies 
flow past the lower-velocity (or still) particles in the vicinity of the body 
to form a shear layer. There is a large velocity gradient within this shear 
layer, making it inherently unstable. The shear layer breaks down after 
some length of travel into well-defined vortices as shown in Figure 4-24. 

These vortices are rotational flow zones that form altemately on 
each side of the element with a frequency proporţional to the liquid flow 



Fig. 4-23. Vortex flowmeter. 
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Fig. 4-24. Vortex shedding phenomenon. 


rate. Differential pressure changes occur as the vortices are formed and 
shed. This pressure variation is used to actuate the sealed sensor at a 
frequency proporţional to vortex shedding. 

Thus, a train of vortices generates an altemating voltage output 
with a frequency identical to the frequency of vortex shedding. This 
frequency is proporţional to the flow velocity. 

The voltage signal from the detector (Figure 4-25) is conditioned 
and amplified for transmission by electronics located in a housing 
mounted integral with the flowmeter body. The final output signal is 
available either in puise form with each puise representing a discrete 
quantity of fluid for totalizing or, optionally, as a 4 to 20 mA dc analog 
signal for flow rate recording or control. 

Turbine Flowmeter 

The turbine meter derives its name from its operating principie. A 
turbine wheel (rotor) is set in the path of the flowing fluid. As the fluid 
enters the open volume between the blades of the rotor, it is deflected 
by the angle of the blades and imparts a force causing the rotor to turn. 
The speed at which the rotor tums is related, over a specified range, 
linearly to flow rate. 

Several methods are employed to transmit this motion to a readout 
device outside of the conduit. In some applications a mechanical device 
conveys the rotor motion directly to a register. In process applications. 



Fig. 4-25. Geometry of vortex generator. 



FLOW MEASUREMENT 123 


however, the usual method is to use an electrical method. A coil con- 
taining a permanent magnet is mounted on the meter body . The turbine 
flowmeter (Figure 4-26) consists of a section of metal pipe, a multi- 
bladed rotor mounted in the center of the straight-through passage, and a 
magnetic pickup coil mounted outside the fluid passage. A shaft held in 
place by fixed radian vanes supports the rotor assembly. As each blade 
tip of the rotor passes the coil it changes the flux and produces a puise. 
The total number of pulses indicates the volume of fluid which has 
passed through the meter and the rate of the pulses generated becomes 
a measure of flow rate. 

Turbine flowmeters are frequently employed as sensors for inline 
blending systems. 

Turbine flowmeters have excellent accuracy and good rangeability. 
They are limited to clean fluids. They are expensive, but do have 
unique features. 

Other Flowmeters 

Other flowmeters that may be found in some process plants include the 
ultrasonic, the thermal, a variety of positive displacement types, meter- 
ing pumps, and others. The flowmeters described account for the ma- 
jority of the flow rate measuring devices in everyday use. 



Fig. 4-26. Turbine flowmeter. 
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Conclusion 

Unfortunately, there is no best flowmeter. Factors such as accuracy, 
pressure loss, material to be measured, ease of changing capacity, and 
ease of installation along with cost must be carefully considered. Once 
the details of the problem have been gathered and the possible altema- 
tives considered, the best selection will usually be clear. Some of the 
systems described read correctly to within a few percent. Some are 
considerably better. AII should have good repeatability — the all impor- 
tant criterion for control. 


Questions 

4-1. Match the head meter primary devices with the application (select a 
single best answer for each): 

Orifice plate a. High-pressure recovery 

Flow nozzle _ b. Air ducts 

Venturi tube . c. Sediment in liquid 

Pitot tube d. Economy and accuracy are 

important 

Elbow taps e. No straight run available 

4-2. A differential pressure transmitter is calibrated 0 to 80 inches of water 
and transmits a 4 to 20 mA dc signal. This transmitter is placed across an 
orifice plate which is sized to create 80 inches of water differential at 6 gallons 
per minute. 

What is the flow rate when the signal is 13 mA dc? 

a. 4.5 gpm c. 3.4 gpm 

b. 3.9 gpm d. 4.9 gpm 

4-3. For the equipment described in the preceding question, what will the 
signal be if the flow rate is 4 gpm? 

a. 13.3 mA dc c. 8.9 mA dc 

b. 11.2 mA dc d. 6.7 mA dc 

4-4. Assume the line used in Questions 2 and 3 is a !4-inch schedule 40 pipe 
(ID = 0.622 inches). Find the orifice bore used to satisfy the conditions given 
if the measured fluid is water at 60°F. 

a. 0.190 inches c. 0.414 inches 

b. 0.556 inches d. 0.352 inches 


4-5. The best choice of orifice taps in the preceding problem would be: 

a. flange taps c. pipe taps 

b. vena contracta taps d. corner taps 
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4-6. A 2-inch schedule 40 line (JD = 2.067) is used to carry gasoline (SP 
GR = 0.75). The flow rate is measured with an orifice plate (d = 1.034) and 
pipe taps are used. At full flow rate a differential pressure of 50 inches of 
water is produced. What is the approximate full flow rate in gpm? 

a. 30 gpm c. 250 gpm 

b. 53 gpm d. 36 gpm 

4-7. Assume an 8-inch schedule 160 pipe (JD — 6.813 inches) carries a full 
flow of 40,000 pounds per hour of dry saturated steam. The static pressure is 
335 psi. Flange taps are used and the differential pressure across the orifice 
plate at full-flow rate is 100 inches of water. What is the size of the bore in the 
orifice plate? 

a. 4.357 inches c. 2.271 inches 

b. 3.645 inches d. 5.109 inches 

4-8. Fuel gas is carried in a 6-inch schedule 40 pipe ( ID= 6.065 inches). 
Flow rate is measured with an orifice plate using flange taps and the bore in 
the orifice is 3.457 inches. The specific gravity is 0.88, the flowing temperature 
is 60°F, and the static pressure is 25 psi. Maximum flow rate creates a 
differential of 20 inches of water. What is the approximate flow rate in 
cubic feet per day? 

a. 1,500,000 SCFD c. 2,500,000 SC FD 

b. 2,000,000 SCFD d. 3,000,000 SCFD 

4-9. The output of a target flowmeter is: 

a. Proporţional to volumetric flow rate 

b. Proporţional to the square of volumetric flow rate 

c. Proporţional to the square root of volumetric flow rate 

4-10. The output signal or reading of a magnetic flowmeter is: 

a. Proporţional to volumetric flow rate 

b. Proporţional to the square of volumetric flow rate 

c. Proporţional to the square root of volumetric flow rate 

d. Inversely proporţional to volumetric flow rate 

4-11. With suspended solids and/or entrapped gas in a flowing liquid, the 
magnetic flowmeter will: 

a. Read high 

b. Read low 

c. Read the liquid flow only 

d. Read the correct total volume of the mixture 

4-12. A turbine flowmeter produces an output in the form of pulses. The total 
number of pulses is: 

a. Inversely proporţional to flow 

b. Directly proporţional to total flow 

c. Proporţional to the square root of flow 

d. Proporţional to the square of flow 




Temperature and Humidity 
Measurements ^ E 


Temperature and moisture measurements are important in process con- 
trol, both as direct indications of system or product state and as indi- 
rect indications of such factors as reaction rates, energy flow, turbine 
efficiency, and lubricant quality. 


Temperature 

Present temperature scales have been in use for about 200 years. The 
earliest instruments — variations of the common stern thermometer — 
were based on the thermal expansion of gases and liquids. Such filled 
systems are still employed frequently for direct temperature measure- 
ment, although many other types of instruments are available. Rep- 
resentative temperature sensors include: 

Filled thermal systems 
Liquid-in-glass thermometers 
Thermocouples 

Resistance temperature detectors (RTDs) 
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Thermistors 

Bimetallic devices 

Optical and radiation pyrometers 

Temperature-sensitive paints 

Various types of measurement control systems are compared in Table 
5-1. 

Instrument selection must anticipate overall control requirements. 
Low cost often justifies consideration of filled systems for measure- 
ments below 1,200°F or 650°C. Other advantages of mechanically or 
pneumatically transmitted temperature measurements include low- 
explosion hazard, simple maintenance requirements, high reliability, 
and independence from externai power. Advantages of electrical sys- 
tems include higher accuracy and sensitivity, practicality of switching 
or scanning several measurement points, larger distances possible be- 
tween measuring elements and controllers, replacement of components 


Table 5-1. Comparison of Temperature Measuring Systems 


Comparison Factors 

Most 

Favorable 

Intermediate 

Least 

Favorable 

Purchase cost 

F 

P 

R 

Long distance transmission 

E 

P 

F 

Change or replacement 
of components 

T 

E and P 

F 

Installation costs 

E° 

F 

P 

Maintenance 

F 

P 

E 

Averaging measurement 

F 

T 

R 

Surface measurement 

R 

T 

F 

Time constant 
(bare bulb and no well) 

T 

F 

R 

Temperature difference 

R 

F 

T 

Sensitivity 

E 

P 

F 

Accuracy 

R 

F 

Pand T 

Operating costs 

F 

E 

P 


Key: F Filled system. R Electrical RTD system. 

P Pneumatically transmitted filled system. E Electrical thermocouple and RTD sys- 

T Electrical thermocouple system. tems equally rated. 

“General purpose wiring only. Explosion-proof 
electrical systems cost considerably more than 
other types. 
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(rather than complete systems) in the event of failure, fast response, 
and ability to measure higher temperatures. 


Filled Thermal Systems 

Filled thermal systems, which traditionally have been used most in 
the food, paper, and textile industries, consist of sensors (bulbs) con- 
nected through capillary tubing to pressure or volume sensitive ele- 
ments (Figure 5-1). These systems are simple and inexpensive and 
generally have fast dynamic responses. Their use with pneumatic and 
electronic transmitters has removed inherent distance limitations of 
filled systems and has minimized the danger of capillary damage. 
Moreover, transmitter amplification has made narrow spans practicai 
and has improved linearity and response. 

Application specifications of several types of filled systems are 
listed in Table 5-2. These include the Scientific Apparatus Makers As- 
sociation (SAMA) Classes I (liquid-expansion), II (vapor-pressure), III 
(gas-pressure), and V (mercury-expansion). The SAMA Class II 
classifications also include alphabetical designations, by which A and B 
indicate sensor above and below case ambient, respectively ; C indicates 
a system in which the sensor can cross ambient; and D denotes a system 
which can operate at ambient conditions. 

Liquid-expansion systems are characterized by narrow spans, 
small sensors, uniform scales, high accuracy , and capability for differen- 
tial measurements. Class IA devices have an auxiliary capillary and 



Fig. 5-1. Filled measurement systems generally are the most inexpensive way of 
measuring and controlling temperature. 
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Table 5-2. Instruments for Filled Thermal System Sensors 


Type 
Principie 
SAMA Class 

Liquid 

Volume change 
l 

Fluids 

Organic liquids 


(Hydro-caibons) 

Lower range limit 

-200°F (-130°C) 

Upper range limit 

+ 600°F (+315°C) 

Narrowest spân (b) 

40°F (25°C) 

Widest spân 

600°F (330°C) 

Ambient temperature 

IA Full 

Compensation 

IB Case 

Sensor size 

Smallest 

Typical sensor size 

9.5mm (0.375 in.) OD x 

for 100°C spân 

48mm (1.9 in.) long 

Overrange capability 

Medium 

Sensor elevation effect 

None 

Barometric pressure 

None 

effect (altitude) 


Scale uniformity 

Uniform 

Accuracy 

±0.5 to ±1.0% of spân 

Response (d) 


#1 Fastest 


#4 Slowest 


Cost 

Highest 

Maximum standard 

Class IA 30m or 100 ft. 

Capillary length 

Class IB 6m or 20 ft. 


Vapor (a) 
Pressure change 
II 

Gas 

Pressure change 
III 

Organic liquids 

Pure gases 

(Hydro-carbons), water 


- 425°F (-255°C) 

— 455°F (-270°C) 

+6O0T (+315°C) 

+ 1,400°F (+760°C) 

70°F (40°C) (c) 

120°F (70°C) 

400°F (215°C) 

1,000°F (550°C) 

Not required 



IIIB case 

Medium 

Largest 

9.5mm (0.375 in.) OD X 

22mm (% in.) OD x 

50mm (2 in.) long 

70mm (6 in.) long 

Least 

Greatest 

Class IIA, Yes 

None 

Class IIB, None 


Slightly (greatest on 

Slightly (greatest o 

small spans) 

small spans) 

Non-Uniform 

Uniform 

±0.5 to ±1.0% of spân 

±0.5 to ±1.0% of 

upper Vs of scale 

spân 

#1— Class IIA 

#2 

#3— Class IIB 


Lowest 

Medium 

3 Om or 100 ft. 

30m or 100 1 


(a) Class II systems are supplied as either SAMA Class II A or IIB. In Class IIA, sensor is always 
hotter than tubing or instrument case. In Class IIB, sensor is always cooler than tubing or case. 

(b) Narrowest spans vary at elevated temperatures. 

(c) Smaller spans available in cryogenic regions. 

(d) Actual values depend on range, capillary length, sensor dimensions, and type of instrument used. 


element to provide ambient temperature compensation and IB systems 
often utilize bimetallic techniques. However, fully compensated 
liquid-expansion systems are complex and, therefore, expensive. 

Vapor- press ure systems are reliable, inherently accurate, and re- 
quire no compensation for ambient temperature effects. Instruments 
follow the vapor-pressure curves of the filled fluid, and associated dials 
and charts are thus nonuniform, featuring more widely spaced 
increments at high temperatures. Measurements occur at the interface 
between liquid and vapor phases of the filling medium. If the tempera- 
ture in the sensor exceeds that in the capillary and indicating element, the 
sensor is filled with vapor while the capillary and indicator con tain liquid. 
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The converse is true when the relative temperature polarity is reversed. 
A transition between liquid and vapor can cause erratic operation, so 
that vapor systems may be unsuitable for ranges that cross the element 
and capillary temperatures. Systems may also be unacceptable if uni- 
form recording or indicating scales are desired. 

Gas-pressure systems, which rank second to the vapor-pressure 
devices in simplicity and cost, offer the widest range of all filled sys- 
tems. Convenţional designs use large- volume sensors, which may be 
shaped to suit particular applications. For example, in duct-tem- 
perature averaging, the sensor may be constructed of a long length of 
tubing of small cross section. Convenţional recorders are not recom- 
mended for temperature spans of less than 200°F or 110°C, but trans- 
mitters operating on force-balance principles can be utilized with spans 
as narrow as 50°F or 28°C. With gas-filled systems, it is difficult to 
compensate for ambient temperature errors, but a sufliciently large sensor 
size may reduce effects to acceptable limits. 

Mercury-expansion systems are classified separately from other 
liquid-filled systems because of the unique properties of the fluid. For 
example, mercury is toxic and harmful to some industrial processes 
and products, and high-liquid density places limitations on sensor-to- 
instrument elevation differences. Sensors used in mercury-expansion 
systems are generally larger in diameter and more expensive than those 
used in either liquid or vapor systems. For these reasons, mercury is 
frequently bypassed in favor of other filling media. 


Electrical Systems 

Electrical temperature sensors have long been popular in the metal and 
paper industries, but increasing use of electronic devices has stimu- 
lated application in a variety of other areas. Thermocouples and resis- 
tance temperature detectors (RIDs) are most widely used, and represen- 
tative application data are given in Table 5-3. 

Thermocouples 

Thermoelectricity was discovered by Seebeck in 1821. He observed an 
electromotive force (emf) generated in a closed circuit of two dissimilar 
metals when their junctions were at diferent temperatures. This elec- 
tricity, produced by the direct action of heat, is used today to measure 
temperatures from subzero to high ranges. 
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Table 5-3. Quick-Reference Selector Chart for Standard 
Thermocouples & RTDs 


TEMPERATURE LIMITS 


Sensor 

Calibration 

°C 

Of 

RTDs 

Nickel SAMA Type II 

Platinum SAMA 100 ohm, or 

-200 to 315 

-320 to 600 


DIN 43760 

-200 to 650 

-320 to 1,200 


Copper SAMA 

0 to 150 

32 to 300 

Thermocouples 

Iron-Constantan, ISA Type J 

-210 to 760 

-350 to 1,400 


Copper-Constantan, ISA Type T 

-270 to 370 

-455 to 700 


Chromel-Alumel, ISA Type K 

- 270 to 1,260 

-455 to 2,000 


Chromel-Constantan, ISA Type E 

-270 to 870 

-455 to 1,600 


Plat in um- Plat inum Rhodium, 

-50 to 1,480 

-55 to 2,700 


ISA Types R & S 
ISA Type B 

Oto 1,700 

Oto 3,100 


A thermocouple consists basically of two dissimiliar metals, such 
as iron and constantan wires, joined to produce a thermal electromotive 
force when the junctions are at different temperatures (Figure 5-2). The 
measuring, or hot, junction is inserted into the medium where the tem- 
perature is to be measured. The reference, or cold, junction is the open 
end that is normally connected to the measuring instrument terminals. 

The emf of a thermocouple increases as the difference in junction 
temperatures increases. Therefore, a sensitive instrument, capable of 
measuring emf, can be calibrated and used to read temperature di- 
rectly. 



- J 


< 

THERMOCOUPLE 


1 



INSTRUMENT 


MEASURING REFERENCE 

JUNCTION JUNCTION 


Fig. 5-2. Thermocouple. 





132 FEEDBACK PROCESS CONTROL 


Figure 5-3 indicates the approximate emf-millivolt output versus 
temperatura relationship for the most popular thermocouple types. De- 
viation from the essentially linear relationship is generally less than 1 
percent. 

Introduction of intermediate metals into a thermocouple circuit will 
not affect the emf of the circuit, provided the new junctions remain at 
the same temperatura as the original junction. The algebraic sum of the 
emf’s in a circuit consisting of any number of dissimilar metals is zero, 
if all of the circuit is at a uniform temperatura. Repeating the law, if in 
any circuit of solid conductors the temperatura is uniform from Point 1 
through all the conducting material to Point 2, the algebraic sum of the 
emf’s in the entire circuit is totally independent of the intermediate 
material and is the same as if Points 1 and 2 were put in contact. If the 
individual metals between junctions of the circuit are homogeneous, the 



400 O 400 000 1200 1600 2000 2400 2000 


MEASURING JUNCTION. TEMPERATURA F 
(REFERENCE JUNCTION AT 32 F ) 


Fig. 5-3. Temperature-emf values approximate the relationship of six standard 
thermocouple s. The conditions of a particular installation may require lowering the 
maximum temperature to a value below that listed. Temperature/millivolt curves are 
available in the appendix. 
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sum of the thermal emf’s will be zero, provided only that the junctions 
of the metals are aii at the same temperature. 

The emf in a thermoelectric circuit is independent of the method 
employed in forming the functions as long as all the junction is at a 
uniform temperature and the two wires make good electrical contact. 
The junction may be made directly, by welding, or by soldering. Fur- 
thermore, an instrument for measuring the emf may be introduced into 
a circuit at any point without altering the resultant emf, provided the 
junctions that are added to the circuit by introducing the instrument are 
all at the same temperature. If the temperatures of the new junctions 
are not uniform, the effect is that of introducing additional ther- 
mocouples into the circuit. 

Reference Junction 

To make accurate temperature measurements with thermocouples, the 
reference junction temperature must remain constant; if it varies, suit- 
able compensation for these variations must be provided. 

Should there be an uncompensated variation in the reference junc- 
tion temperature, there will be a corresponding change in the millivolt- 
age with a resultant error in temperature measurement (Table 5-4). 

When used in the laboratory and for other checking and testing 
purposes, the thermocouple reference junction can be placed in a vac- 
uum bottle filled with shaved ice saturated with water. This method 
provides close temperature control (within a fraction of a degree) and 
permits accurate reading. 


Table 5-4. Standard Limits of Error 


Couple or Wire 


Range 


Limits 


Copper-constantan 

Iron-constantan 

Chromel-alumel 

Platinum rhodium- 
platinum 


-300 to — 75°F 
-75 to + 200°F 
200 to 700°F 
-100 to +530°F 
530 to 1.400PF 
0 to 530°F 
530 to 2,300°F 
Oto 1,000°F 
1,000 to 2,700°F 


±2% of reading 
±1^°F 

±%% of reading 
±4°F 

±%% of reading 
±4°F 

±H% of reading 
±3°F 

±0.3% of reading 
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JUNCTION HEAO JUNCTION 


Fig. 5-4. Typical thermocouple and extension leads. 


To ensure accurate readings, most thermocouples are now installed 
with instruments that provide automatic reference junction compensa- 
tion. In most instruments, this is accomplished by passing current 
through a temperature-responsive resistor, which measures the varia- 
tions in reference temperature and automatically provides the neces- 
sary compensating emf by means of the voltage drop produced across 
it. 

An industrial installation generally consists of a thermocouple with 
its connection head, the necessary length of extension wire, and an 
indicating, recording, or controlling instrument with internai and auto- 
matic reference junction compensation. The extension wires generally 
consist of the same materials as the thermocouple elements, or may be 
composed of other materials and alloy wires that generate essentially 
the same millivoltage as the thermocouple for application temperatures 
up to approximately 400°F or 200°C (Figure 5-4). The ISA symbols and 
color codes for thermocouple lead wires are given in Table 5-5. 


Table 5-5. Extension Wire Type Designations and Standard Limits of Error 

ISA Extension Color Temperature Limits of Couple 

Type Wire Code Range F Error Used With 


TX 

Copper- 

+ (blue) 


constantan 

- (red) 

JX 

Iron- 

+ (white) 


constantan 

- (red) 

WX 

Iron- 

+ (green) 


cupronel 

- (red) 

KX 

Chromel- 

+ (yellow) 


alumel 

- (red) 

sx 

Copper- 

+ (black) 


CuNi alloy 

- (red) 


-75 to 

+ 200 

±1*4 F 

Copper- 

constantan 

0 to 

400 

±4 F 

Iron- 

constantan 

75 to 

400 

±6 F 

Chromel- 

alumel 

75 to 

400 

±4 F 

Chromel- 

alumel 

75 to 

400 

±10 F 

Platinum 

Rhodium- 

platinum 
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Fig. 5-5. Thermocouples in parailel. 


Average Temperatures 

To measure the average temperature across a large duet or vessel, or 
around a retort, any number of thermocouples may be used in parailel 
connections. The voltage at the instrument, or at the point of parailel 
connection, is the average of that developed by the number of ther- 
mocouples used. This voltage is equal to the sum of the individual 
voltages divided by the number of thermocouples. For accurate mea- 
surement, the resistances of all thermocouples and extension wire 
circuits should be identical. Since the resistance of the actual ther- 
mocouple will vary with temperature, and since the lengths of exten- 
sion wires may also vary, the effect of these variations can be mini- 
mized by using swamping resistors. The values of the swamping 
resistors should be high in comparison with the change or difference in 
resistances encountered. A resistor value of 1,500 ohms generally 
works well. 

In order to prevent the flow of current through a ground loop, the 
thermocouples should not be grounded. All thermocouples must be of 
the same type and must be connected by the correct extension wires 
(Figures 5-5 and 5-6). 

Parailel connection of thermocouples for average temperature 
measurement is advantageous because the instrument construction and 


TWEBMOCOUPLES 



Fig. 5-6. Parailel thermocouples with swamping resistors. 
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calibration can be the same as that for a single thermocouple. Two or 
more thermocouples may be connected in series to measure average 
temperatures; however, this circuit requires that the instrument have 
special reference junction compensation to provide the increased com- 
pensating emf for the specific number of thermocouples in the circuit. 
The instrument also must be calibrated for the total millivoltage output 
of the number of thermocouples used in series. Extension wires from 
each thermocouple must be extended back to the actual reference junc- 
tion at the instrument. 

Differential Temperatures 

Two thermocouples may be used for measuring differential tempera- 
tures between two points. Two similar thermocouples are connected 
with extension wire of the same material as is used in the ther- 
mocouples. The connections are made in such a way that the emf s 
developed oppose each other. Thus, if the temperatures of both ther- 
mocouples are equal, regardless of the magnitude, the net emf will be 
zero. When different temperatures exist, the voltage generated will 
correspond to this temperature diflference, and the actual diflFerence 
may be determined from the proper calibration curve. An instrument 
calibrated either for 0 millivolts at midscale or 0 millivolts at the end of 
the scale, depending upon whether thermocouples are operated at high 
or low temperatures with respect to each other, may be fumished and 
used to read temperature diflference directly. 

Copper leads may be used between the instrument and the connec- 
tion box that links the instrument to the thermocouple or extension 
wires (Figure 5-7). The instrument should not have the reference junc- 
tion compensation normally fumished when measuring temperatures 
with thermocouples. As in the case of parallel thermocouple connec- 
tions, the thermocouples should not be grounded and the resistance of 
both thermocouple circuits should be the same. 


THCfflUQCOUPLES 
1 + 


< 


<cg 


Fig. 5-7. Two thermocouples used to measure temperature difference. 
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Thermocouple Calibration Gurves 

Thermocouples develop an extremely small dc voltage, measured in 
thousandths of a volt. The millivolt output falls within a range of - 1 1 to 
+ 75 millivolts, depending on the type of thermocouple and its tempera- 
ture working range. Calibration curves for thermocouples are included 
in the Appendix. Now let us consider some typical thermocouple in- 
struments and investigate their functions. 

Potentiometrie Recorder 

Figure 5-8 shows a simplified circuit diagram of the Foxboro poten- 
tiometric recorder (Figure 5-9). An emf input (E x ) is derived from a 
thermocouple or other measuring element. A constant emf (£*) is 
supplied by a Zener diode regulated power supply. As E x varies, an 
error signal is developed, and the circuit becomes unbalanced. 

The error signal is converted to an ac voltage by a field effect 
transistor chopper and amplified by the integrated circuit amplifier. The 
amplified output drives a two-phase balancing motor. The direction of 
rotation depends on whether E x has become greater or smaller. The 
motor moves the wiper contact on the slidewire R s to a position where 
the circuit is rebalanced. The slidewire contact is mechanically con- 
nected to the recorder pen, and both are positioned simultaneously. 

With a thermocouple input, a temperature sensitive resistor ( R c ) 
automatically compensates for reference junction ambient temperature 
variations. This resistor changes the balance of the circuit to cancel 



POWER 

SUPPLY 

Fig, 5-8, Simplified circuit of potentiometrie recorder. 
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Fig. 5-9. Foxboro strip chart recorder. 


changes in E x with reference junction temperature variations. For 
straight millivolt inputs, R c is a temperature-stable resistor. 

The slidewire is characterized to allow the use of uniform charts 
and scales with thermocouple and certain other nonlinear measure- 
ments. This is accomplished by varying the resistance per unit length 
along the slidewire. 

If the temperature measurement is used in conjunction with an 
electrical control system, a thermocouple-to-current transmitter may 
be used. A typical transmitter is shown in Figure 5-10. The transmitter 
provides a two-wire output; the same wiring is used for both power and 
output. The load resistance is connected in series with a dc power 
supply (approximately 25 volts), and the current drawn from the supply 
is the 4 to 20 mA dc output signal. 

Field mounting the transmitter at or near the actual measurement 
point eliminates the installation of special thermocouple extension 
wires to the receiver. In some cases, this procedure can also improve 
the performance of the measurement loop, since the possibility of ex- 
tension wire error is avoided. 

As shown in Figure 5-10, the thermocouple/millivolt bridge circuit 
consists of a precision-constant current source, a reference-junction 
compensator, a bum-out detection current source, and associated resis- 
tors. The amplifier is a very high gain, chopper-stabilized difference 
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Fig. 5-10. Simplified circuit diagram of the Foxboro thermocouple transmitter. 
( Bottom ) Foxboro thermocouple transmitter. 


amplilier. It functions as a nuli detector by controlling the 4 to 20 mA dc 
output current to maintain a nuli between the compensated ther- 
mocouple and feedback voltages. The transmitter is protected from 
reverse polarity connection of the power supply by means of a diode in 
the negative lead of the output circuit. The maximum error for this 
transmitter is approximately ±0.25 percent of spân. 

Many control instruments, such as this transmitter, feature ther- 
mocouple bum-out protection. In the event of an open thermocouple, a 
small voltage applied to the instrument causes it to read full-scale out- 
put. This causes the control system to shut off the heat and prevent 
damage. 

Resistance Thermal Detectors 

Resistance thermometry is based on the change of electrical con- 
ductivitv with temperature. Therefore, a coil of wire can act as a tem- 
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perature sensor, with a direct relationship established between resis- 
tance and temperature. Standard curves are available, with certified 
accuracies within 0.1°F or °C. Platinum RTDs used as laboratory stan- 
dards can be obtained with tolerances well within this limit, and are 
capable of precise temperature measurement up to 1,650°F or 900°C. If 
an RTD is adjusted to conform to its curve, it may be interchanged with 
other RTDs calibrated according to the same curve. 

Resistance-thermal detector temperature measurement may be 
read out on many different types of instruments. If the measurement of 
temperature were to be used in conjunction with a pneumatic control 
system, the RTD could be attached to a resistance-to-pneumatic con- 
vertor, such as the Foxboro Model 34B (Figure 5-11). 

The resistance-to-pneumatic convertor converts the temperature 
measured by a resistance-temperature element into a proporţional 3 to 
15 psi or 20 to 100 kPa pneumatic output signal. This signal is suitable 
for use with many types of pneumatic receiving instruments, such as 
controllers, recorders, and various computing instruments. 

This transmitter has several features. For example, when used with 



Fig. 5-11. Foxboro 34B Series resistance pneumatic transmitter. 
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Fig. 5-12. Simplified circuit diagram of 34B Series nickel RTD transmitter. 

the appropriate nickel bulb, the converter has an output that is linear 
with temperature. Spans as low as 5°F or 3°C can easily be achieved. 
An adjustable range allows a simple field calibration procedure to 
change the temperature input range required for a 3 to 15 psi or 20 to 
100 kPa output. It also operates on all normal supply voltages. 

This transmitter is an electromechanical device consisting of a 
solid-state, integrated circuit amplifier and an output transducer. Fig- 
ure 5-12 is a simplified circuit diagram of the nickel RTD version of the 
transmitter. The transducer is shown in Figure 5-13. 

The RTD is wired into a measurement bridge and excited from a 
regulated direct current power supply. The change in resistance of the 
RTD causes a bridge output change that is proporţional to temperature. 
Negative feedback is obtained from the output current and applied to 
the opposite side of the measurement bridge. A change in feedback by 
the spân adjustment changes the gain of the amplifier and thereby 
changes the spân of measurement. 



Fig. 5-13. Output transducer. 
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The platinum RTD transmitter incorporates a negative impedance, 
integrated circuit amplifier that shunts the platinum RTD to linearize 
the temperature versus the RTD characteristic. 

The amplifier section provides the high input impedance and gain 
required to amplify the low-input signal. The input signal is first con- 
verted to ac by an FET (used as a chopper) and then applied to a 
high-gain ac amplifier. The signal is next demodulated and applied to a 
voltage follower. The output of this amplifier is applied to a power 
transistor to supply the 10 to 50 mA dc required by the transducer coil. 

A funcţional diagram applying to the output transducer is shown in 
Figure 5-13. The direct current input signal is converted into a propor- 
ţional air output signal as follows: A coil is positioned in the field of a 
fixed, permanent magnet. When a direct current flows through the coil, 
the electromagnet and permanent magnet forces are in opposition. Any 
increase in the current, which causes a proporţional increase in the 
force on the coil, tends to close the flapper against the nozzle. The air 
output pressure from the pneumatic relay is thereby increased. This 
increased pressure is fed to the feedback bellows to exert a force on the 
force beam to rebalance the force from the coil. AII of the forces which 
act upon the force beam are balanced in this manner, and the pneuma- 
tic output tracks the current input. The capacity tank (C 2 ) and the 
associated restrictor pro vide dynamic compensation to the circuit. Dur- 
ing rapid input changes, the restrictor will effectively keep the capacity 
tank out of the circuit for faster feedback response through the relay . 
For slow changes, the capacity tank acts to damp pressure fluctuations 
and to provide a smoother output. The small capacity tank (CJ in the 
output circuit provides necessary constant damping. 

During alignment or calibration of the output transducer, zero ad- 
justment is made by tuming a screw to advance or retract a spring 
which bears on the force beam. Coarse spân adjustments are made by 
repositioning the feedback bellows with respect to the pivot. 

Wheatstone Bridge Recorder 

One of the most popular instruments used with RTDs is the slidewire 
type Wheatstone bridge recorder. This instrument is almost identical 
to the potentiometric recorder previously described and shown in 
Figure 5-9. 

Figure 5-14 shows a simplified circuit diagram of the Wheatstone 
bridge recorder. The resistance temperature detector (RTD) is one arm 
of a Wheatstone bridge excited by a Zener diode regulated dc power 
supply. Point A (the slidewire contact) and point B form the input to the 
amplifier. When the temperature changes, the resistance of the RTD 
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Fig. 5-14. Simplified Wheatstone bridge recorder circuit. 


changes. This unbalances the bridge and creates an error signal be- 
tween Points A and B. 

As in the potentiometric recorder, the error signal is converted to 
an ac voltage by a field-effect transistor chopper and amplified by the 
transistorized amplifier. The output drives a two-phase balancing 
motor. The direction of rotation depends on the polarity of the error 
signal. The motor moves the wiper contact on the slidewire until the 
bridge is rebalanced and no error signal exists. The pen and slidewire 
contact are mechanically connected and therefore positioned simulta- 
neously. 

With all resistance-temperature measurements, the use of three- 
conductor RTD cable is recommended. The effect of ambient tempera- 
ture variations on the cable is thereby minimized. 

If the cable connecting the RTD to the instrument has only two 
conductors, these conductors become part of the resistance being mea- 
sured. The result then is an error that will vary with ambient tem- 
perature. Remember, with all resistance temperature measurements, 
three-conductor RTD cable is recommended. The purpose of the three- 
conductor cable is to stretch out the measuring bridge. Note the three- 
conductor cable in Figure 5-14. One of the conductors is common to 
both sides of the bridge while the other two connect one to each sjde of 
the bridge. Any change in cable temperature will be canceled as both 
sides of the bridge are changed a like amount. 

Occasionally RTD sensors use a four-wire cable. This is generally 
in conjunction with a Kelvin double bridge. The four-wire method does 
an excellent job of reducing temperature effects on the cable. The 
improvement over the three-wire method, however, is minimal. In 
practice, an RTD may be used with as much as 500 feet of three- 
conductor cable without the cable creating a perceptible error. 
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Thermistors 

Thermistors are made of heat-treated metallic oxides, and most ther- 
mistors differ from ordinary resistors by having a negative coeficient of 
resistance. Thermistors are available with a nearly linear temperature 
resistance relationship, and other types are available with a sharp 
change in slope at some characteristic temperature. 

A thermistor can replace an RTD as a temperature sensor. The 
difficulty lies in obtaining units that fit the desired characteristic curve 
within acceptable limits of accuracy. When this is accomplished and 
the thermistor is mounted so as to stand up under process conditions, it 
performs the same function as the convenţional RTD. 

One advantage of the thermistor is that it has a greater resistance 
change for a given temperature change than that of the convenţional 
wire RTD. A disadvantage is that the accuracy available, although 
good, is slightly inferior to that of the convenţional RTD. This presum- 
ably accounts for the thermistor’ s limited application in the process 
instrumentation field. 

Radiation pyrometers utilize an optical system to focus energy 
radiated from a body onto a sensing system. Manual devices are often 
used, in which energy at infrared or visible wavelengths is focused on a 
target and compared with the light output of a calibrated optical fila- 
ment. In automated devices, the energy (usually in the infrared bând) is 
focused on a series array of thermocouples. This thermopile produces a 
millîvdlt output related to the temperature of the source. Pyrometers 
are used where high temperatures are to be measured or where contact 
with the object is impossible. Accuracy is influenced by such factors as 
reflections, gases present in the radiation path, and surface emissivity 
of the body under measurement. 


Humidity Measurements 

Humidity, or the amount of moisture in gases, is expressed in several 
different ways, including: 

1. Relative humidity — the actual quantity of water vapor present in a 
given space expressed as a percentage of the quantity of water 
vapor that would be present in the same space under saturated 
conditions at the existing temperature. 

2. Absolute humidity — mass of vapor per unit mass of dry gas. 

3. Dew point — the saturation temperature of the mixture at the corre- 
sponding vapor pressure. If the gas is cooled at constant pressure 
to the dew point, condensation of vapor will begin. 
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A list of the methods used to measure humidity would include the 
folio wing: 

Relative Humidity Measurement 
Mechanical (hair, wood, skin) 

Wet and dry bulb thermometers 

Surface resistivity devices (including Dunmore) 

Crystal frequency change 

Absolute Moisture Measurement 
Gravimetry 
Electrolysis 
Infrared 
Conductivity 
Capacitance 
Color change 
Karl Fischer titration 
RF power absorption 
Neutron reflection 
Heat of absorption or desorption 
Nuclear magnetic resonance 

Dew Point Measurement 
Chilled mirror 

Lithium chloride (including DEWCEL) 

Wet bulb thermometer 

Direct measurement of relative humidity may be accomplished by 
equating the change in dimension of a hygroscopic substance with the 
variation in the moisture content of the air. The hair element (Figure 
5-15) consists of a bând composed of a number of selected and treated 
human hairs. The membrane element consists of a strip of treated 
animal membrane. 

The instrument will record relative humidity between 20 and 90 
percent with a maximum error of ±5 percent. The calibration should be 
adjusted initially by means of a psychrometer. If the hair element is 
exposed to humidities over 90 percent or to free moisture, the calibra- 
tion should be checked. 

Hair elements can be used at temperatures as high as 160°F or 70°C 
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Fig. 5-15. Hair element. 

without damage. However, in this event, they should be calibrated 
under these temperature conditions. 

The hair element is extremely responsive to changes in humidity, 
and will follow gradual or small changes with good speed. However, 
following a sudden large change, at least 30 minutes should be allowed 
for the measuring element to reach a state of equilibrium. 

The psychrometer consists of two temperature measurements. 
One, called the dry bulb, measures the ambjent temperature, while the 
second, the wet bulb, is provided with a wick or sleeve saturated with 
water that is evaporating. The wet bulb temperature will normally be 
lower than that of the dry bulb. The lowering of this wet bulb tempera- 
ture (wet bulb depression) is an indication of the moisture content of the 
surrounding air, or of its humidity. See Appendix for convenient con- 
versions of wet and dry bulb readings into relative humidity. 

Example: dry bulb reads 90°F; wet bulb 80°F; difference is 10°F. 
Following the coordinates to their intersection, we find the relative 
humidity to be 65 percent. 

A portable version of this instrument, called a sling psychrometer, 
provides a convenient way to check the calibration of relative humidity 
instruments. Their air velocity past the bulb should be 15 feet (4.6 
metres) per second or higher for accurate results. 
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Fig. 5-16. Dewcel operating characteristics. 

The Foxboro dew point measuring system consists of an element, 
the DEWCEL, a source of power to energize it, and a temperature 
instrument to sense the dew point temperature. The dew point element 
consists of a cylinder of woven glass fabric with two windings of care- 
fully spaced gold wires. The two windings do not contact each other. 
The fabric is impregnated with lithium chloride. The windings carry 
low-voltage power applied through an incandescent lamp ballast resis- 
tor. 

Moisture determination by this lithium chloride element is based on 
the fact that, for every water vapor pressure in contact with a saturated 
salt solution, there is an equilibrium temperature at which this solution 
neither absorbs nor yields moisture to the surrounding atmosphere. 
This equilibrium temperature is shown in Figure 5-16 as the “DEW- 
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CEL® Characteristic Line.” Below this equilibrium temperature, the 
salt solution absorbs moisture. Above this equilibrium temperature, the 
saturated salt solution dries out until only dry crystals are left. 

The temperature thus determined may be used as a measure of dew 
point temperature, absolute humidity, or vapor pressure. 

The relative humidity of the atmosphere can be determined from a 
knowledge of the dew point and reference to a vapor pressure curve or 
chart (see Appendix, Table A-29). 

Absolute measurements are less common in process applications 
than relative humidity or dew point determinations, but blast fumace 
control is one common application of absolute humidity measurement. 


Questions 

5-1. To obtain the most accurate temperature record for the range 100° to 
150°F, the filled thermal system selected would be: 

a. Class I c. Class III 

b. Class II d. Class V 

5-2. A resistance thermometer would be chosen because of: 

a. Ability to measure high temperatures 

b. Economy 

c. Higher accuracy 

d. S implic ity 

5-3. Thermocouples are often chosen because of: 

a. High accuracy 

b. Ability to measure high temperatures 

c. Economy 

d. Ability to measure an extremely narrow spân of temperature 

5-4. The Class II (vapor- pressure) thermometer employs a nonlinear scale 
because: 

a. It is easier to read 

b. It may be ratioed to flow measurements 

c. The vapor pressure curve is nonlinear 

d. The mechanism employed causes nonlinearity 

5-5. Which filled thermal system, or systems, would you select for 
measuring the room temperature in your house? 

a. Class I c. Class III 

b. Class II d. Class V 

5-6. A Class IIIB (gas-filled) system employs a large bulb to: 

a. Minimize the ambient effects on the connecting capillary 

b. Obtain the optimum dynamic performance 
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c. Make a maximum bulb area available for measurement 

d. Reduce the power produced in the element 

5-7. A temperature range between 300°F and 310°F or 149°C to 154°C must 
be measured with the greatest possible accuracy. The best choice of system 
would be: 

a. A copper-constantan thermocouple 

b. A copper RTD 

c. A nickel RTD 

d. A Class IA filled thermal system 

5-8. A hair element is used because it: 

a. Measures absolute humidity 

b. Is the most accurate type of humidity measurement 

c. Is simple and inexpensive 

d. Measures dew point 

5-9. A lithium chloride element is usually calibrated to read: 

a. Relative humidity c. Absolute humidity 

b. Wet bulb temperature d. Dew point 

5-10. Lithium chloride is used because: 

a. It is nonpoisonous 

b. It is inexpensive 

c. It is extremely hygroscopic 

d. It does not corrode the equipment 

5-11. When a wet and dry bulb psychrometer is read to determine relative 
humidity: 

a. The dry bulb will read lower than the wet bulb 

b. The two thermometers may read the same 

c. The wet bulb will read lower than the dry bulb 

d. A formula may be employed to reiate the wet bulb reading to relative 
humidity 

5-12. The purpose of using extension lead wires that have the same 
thermoelectric characteristics as the thermocouple is to: 

a. Prevent corrosion at all junctions 

b. Extend the reference junction back to the instrument 

c. Prevent creating an unwanted reference junction 

d. Make the thermocouple system operate in standard fashion 

5-13. Relative humidity is: 

a. The moisture present in a body of air expressed as a percentage of 
saturation at the existing temperature 

b. The moisture in a body of air, in grams per cubic meter 

c. The temperature at which moisture will condense from a body of air 

d. The ratio of actual moisture in a volume of air to the moisture that 
would exist at optimum comfort in a similar volume 
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5-14. A psychrometer is: 

a. A hair element instrument 

b. A ”wet and dry bulb” humidity instrument 

c. An instrument that senses psychological disturbances 

d. An instrument that reads directly in dew point 

5-15. A hygrometer is: 

a. Convenient for measuring specific gravity 

b. An instrument that measures gas weight 

c. Any instrument that measures moisture content 

d. Another name for psychrometer 

5-16. A certain thermocouple has a specified time constant of 2 seconds. If 
the process temperature changes abruptly from 800° to 900°C, the temperature 
readout on the indicator attached to the thermocouple after 6 seconds elapse 
will be approximately: 

a. 860° C c. 900°C 

b. 835°C d. 895°C 

5-17. The air velocity past the sensors of a ”wet and dry” bulb instrument 
should be: 

a. 50 feet per second, minimum 

b. 2 metres per second, maximum 

c. Approximately 4.6 metres per second 

d. Any value 

5-18. The advantage of using a three-wire cable to connect an RTD to its 
associated instrument is that: 

a. Reference junction errors are eliminated 

b. The effect of ambient temperature on the cable will be minimized 

c. Potenţial failures will be minimal 

d. Resistance in the externai circuit is reduced 

5-19. A thermocouple instrument has an input resistance of 50,000 ohms and 
is used with an IC Type J couple. The lead wire is #18 gauge, 120 feet long. 
What is the approximate error contributed by the lead wire? 

a. ±5.0 percent c. ±0.05 percent 

b. ±0.5 percent d. ±0.1 percent 

5-20. The difference between an RTD calibrated to the NR 226 curve and one 
calibrated to the NR 227 curve is: 

a. A different resistance-to-temperature relationship 

b. Nonexistent 

c. Greater accuracy with the NR 226 curve 

d. Greater accuracy with the NR 227 curve 



Analytical Measurements 


Analytical measurements seek to define the contents of a process 
stream and thus enable control of its composition. Some analytical 
measurements are physical; others are electrochemical. The physical 
types include humidity, density, differential vapor pressure, boiling 
point rise, chromotography, ultraviolet, infrared, and turbidity, some 
of which have been discussed previously. Still others, such as spec- 
troscopy, osmometry, and polarography, are laboratory techniques 
and not usually associated with automatic control. Some are occasion- 
ally used, but are beyond the scope of this book. 

Many other analytical measurements, such as conductivity, pH 
(hydrogen ion concentration), ORP (oxidation-reduction potenţial), and 
specific ion concentration, are electrochemical. These measurements, 
along with capacitance, will be covered in this chapter. 


Etectrical Conductivity 

While dissociation into ions and the resulting ion concentration have 
been adequate concepts in the past, the fact is that not all the ions 
present are necessarily effective. Some of them may be “complexed,” 
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that is, “tied up” to other ions and unavailable for reaction. The con- 
cept of activity covers this situation. In short, a given compound will 
dissociate to some degree, described by the dissociation constant, into 
ions, and some portion of these ions will be active, described by the 
activity coefficient. However, in many common reactions, the activity 
coefficient is so near unity that concentration and activity may be used 
interchangeably. In a growing number of processes, the actual ion ac- 
tivity is different enough from the ion concentration to make it neces- 
sary to use the proper term. In general, electrochemical measurements 
measure activity rather than concentration, and it is always desirable to 
refer to the measurements as ion activity rather than ion concentration. 

Electrochemical measurements all rely upon the current-carrying 
property of Solutions containing ions. Some techniques measure all ions 
present (electrolytic conductivity). Others respond mainly to particular 
types of ions — hydrogen ions (pH); oxidizing/reducing ions (ORP); se- 
lected ions (ion-selective). These will be discussed separately below. 

The ability to conduct electricity, or the reciprocal of electrical 
resistance, is called conductance. The unit in which it is measured is the 
reciprocal ohm, commonly called mho. The conductance of any con- 
ductor depends on the nature of the material, the shape of the conduct- 
ing path, and the temperature. In analytical work, only the nature of the 
material, in this case the type and activity of the ions present, is impor- 
tant. Thus, the term conductivity , the conductance of a volume of the 
material of unit length and area, is generally used. (Conductivity has 
largely replaced an earlier term, specific conductance.) 

In actual measurement, a conductivity cell of known geometry is 
immersed in the material, and the resistance (or conductance) across 
the cell is measured. This gives a measurement that can be calibrated 
directly in conductivity due to the known shape of the cell. Con- 
ductance and conductivity are related as folio ws: the greater the length 
of a material of given conductivity, the higher its resistance (the lower 
the conductance); but the greater the area of the material, the lower the 
resistance (the greater the conductance). That is, 


conductance = conductivity 


area 

length 


( 6 - 1 ) 


Since the unit of conductance is mho, the unit of conductivity must be 


, . . , centimeters 

conductivity =mho x square cen timel^ 


( 6 - 2 ) 
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or, 


conduc ti vity = mho cm 1 

It is unfortunately common practice to omit the dimensional unit, 
so that conductivity is then referred to as mhos. This practice leads to 
confusion with conductance, and should be avoided. 

The conductivity of most electrolytes at the concentrations and the 
temperature ranges normally encountered fall well below unity. For 
this reason, the micromho per centimetre, the millionth part of the mho 
per centimetre, is normally used. 

In the SI system of units, the siemens replaces the mho. One mho 
equals one siemens. In conductivity units, one micromho per cen- 
timetre (fi mho/cm) equals one microsiemen per centimetre (ptS/cm). 
However, the actual SI unit is the microsiemens per metre, since the 
unit of length in the SI system is the metre rather than the centimetre. 
One fi S/cm equals 100 fiS/m. 

The conductivity of material of unit length and area which has a 
resistance of 1,000 ohms is 0.001 mho • cm -1 or 1,000 micromho ■ cm -1 
(sometimes called simply 1,000 micromhos). 

Since the measurement depends on the geometry of the cell used, a 
cell constant (F) has been defined to describe this geometry simply: 


F _ length (cm) 
area (cm 2 ) 


(6-3) 


When the length is 1 centimetre and the area 1 square centimetre, 
F = 1.0 cm -1 . Here, also, the dimensional unit is omitted in common 
use, so that the cell is said to have a cell constant of 1.0. Note that the 
criticai dimensions are length and area, not volume. Thus while the 
above example has a volume of 1 cubic centimetre if the length were 0.5 
centimetre and the area were 0.5 square centimetre, the cell constant 
would still be 1.0. But the volume would only be 0.25 cubic cen- 
timetres. Thus it is not correct to say that the resistivity is the resis- 
tance of unit volume, but only of unit length and cross-sectional area. 

A cell with greater area and the same length will have a lower cell 
constant. But for the same solution (that is, for a given conductivity) 
the conductance will be greater with this cell. If we solve Equation 6-1 
for conductivity, 


conductivity = conductance 


length 

area 


(6-4) 
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and substituting Equation 6-2, 

conductivity = conductance x cell constant 

A given measuring instrument will have a certain conductance (re- 
sistance) range. But it may have a variety of conductivity ranges by 
simply using cells of different cell constants. For example, an instru- 
ment with a range of 0 to 100 micromhos per centimeter with a cell 
having a constant of 0.01 will have a range of 0 to 1,000 micromhos per 
centimeter if a cell with a constant of 0.1 is substituted. 


Types of Calibration 

Conductivity instruments can normally be fumished with 

1. Calibration in conductivity (/xS x cm -1 or fi mho x cm -1 ) 

2. Calibration in terms of concentration of electrolyte 

3. Calibration in terms of conductivity diflference 

Calibration in Conductivity 

Instruments of this type are measured in absolute units, ohms, mhos, 
siemens, or microsiemens. Such instruments can be used to measure 
the conductivity of any electrolyte at any solution temperature using 
a measuring cell with known cell factor. The conductivity of most 
Solutions increases as the temperature increases. Therefore, if a con- 
ductivity instrument calibrated in ^tmho x cm“ r is used with a solution 
of given concentration, the instrument reading will change if the tem- 
perature of the solution changes. 

Compensation for this effect of temperature on the conductivity of 
the solution is possible only if the solution’ s conductivity temperature 
coefficient is known. For example, if an instrument calibrated from 0 to 
1,000 fimho x cm“ r were provided with temperature compensation for 
sodium chloride (NaCl), the instrument would not correctly compen- 
sate in any other solution. For this reason, instruments calibrated in 
absolute units are generally not fumished with temperature compensa- 
tion. Instruments of this kind are generally the simplest to calibrate and 
lend themselves to more flexibility of application, since they are not 
limited to any particular electrolyte. If compensation is desired, it can 
be supplied, but only for one particular solution. 
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Calibration in Terms of Concentration of Electrolyte 

Instruments calibrated in terms of concentration of electrolyte read 
percent concentration, grams per litre, parts per million, and the like, for 
the range specified. This type of calibration is made to the conductivity 
values within the specified range of concentration, and at a specified 
temperature of a given electrofyte. The instrument can therefore be 
used only under the conditions for which it was calibrated. 

However, special cases exist which sometimes make conductivity 
useful in multiple-electrolyte Solutions. If the material of interest is 
much more conductive than others in solution, the contaminants may 
have a negligible effect on readings. For example, contaminants slowly 
build up in a sulphuric acid (H 2 S0 4 ) bath for treating textiles. The 
conductance of the contaminants is very low compared with that of the 
acid. Thus, the instrument may read directly in concentration of sul- 
furic acid. Laboratory tests determine when concentration of conta- 
minants is too high and a new bath is then made up. 

Figures 6-1 and 6-2 show typical conductivity curves of NaCl and 
H 2 S0 4 . Note that the H 2 S0 4 curve reverses itself in the region of 30 to 



Fig. 6-1. Percent concentration. Conductivity of NaCl at 10CPC (212°F) and 
18°C (64.4°F). 
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Fig. 6-2. Percent Concentration. Conductivity of H 2 S0 4 at 70°F (21.1°C) and 
40° F (4.4°C). 


32 percent concentration and again in the vicinity of 84 percent and 93 
percent. Obviously, it is impossible to calibrate for ranges that include 
these points of inflection. However, in electrolytes having such max- 
ima they shift with temperature. By controlling sample temperature to 
a different value, certain ranges may sometimes be measured which 
would be impossible to measure at process temperature. 

Polarization 

When an electric current is passed through a solution, electrochemical 
effects known as polarization occur. These effects, if not minimized, 
will result in inaccurate measurement. One of the polarization effects is 
electrolysis. Electrolysis generally produces a gaseous layer at the 
electrode surface, increasing the apparent resistance of the solution. 
For this reason, direct current voltage is not practicai in conductivity 
measurements. If the current is reversed, the layer will tend to go back 
into solution. Thus, if an altemating current is applied, the polarization 
effect decreases, since the gases and other polarization effects pro- 
duced on one-half of the cycle are dissipated on the other half cycle. 

Cell Construction 

The sensitive portion of the cells shown in Figure 6-3 consists of two 
platinum electrodes mounted in an H-shaped structure of Pyrex glass 
tubing. The electrodes, located in separate sections of the tubing, are 



ANALYTICAL MEASUREMENTS 157 



Fig. 6-3. Type H conductivity assembly. 


concentrically mounted platinum rings and are flush with the inside 
surface of the tubing. Fouling or damaging the electrodes is thus mini- 
mized, and the cells may easily be cleaned chemically or with a bottle 
brush. The platinum electrodes in these cells are coated with platinum 
black to minimize polarization effects. 

The cell shown in Figure 6-4 employs graphite, rather than metallic 
electrodes. The type of graphite used has the same surface properties 
with respect to polarization as metallic electrodes. These 
cells require no platinization. They are cleaned chemically or by wiping 
the surface of the electrode with a cloth or brush. 

Conductivity cells (Figure 6-5) are used for detecting impurities in 
boiler feedwater, for concentration of black liquor (in a pulp digester 
for kraft paper), for determination of washing effectiveness by mea- 
surement of pulp wash, and in many other applications where the pres- 
ence and concentration of a known salt, base, or acid must be deter- 
mined. 

Electrodeless Conductivity Measurements 

In addition to the convenţional conductivity measurements just de- 
scribed another approach called an electrodeless technique may be 
employed. This technique differs from convenţional conductivity mea- 
surement in that no electrodes contact the process stream. Instead, two 
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Fig. 6-4. Conductivity cells. 


toroidally wound coils encircle an electrically nonconductive tube that 
carries the liquid sample. The first coil is energized by an ultrasonic 
oscillator (approximately 20 kH z ) which induces an altemating current 
in the liquid. This current in turn induces a current in the second coil. 



Fig. 6-5. Gate valve insertion type conductivity cell. 
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The induced current in the second coil is directly proporţional to the 
electrical conductivity of the liquid carried by the tube. No direct con- 
tact between the coils and the solution is required, thus eliminating 
potenţial maintenance problems. Figure 6-6 shows a typical electrode- 
less conductivity measuring system which transmits a 4 to 20 mA dc 
signal linearly related to the measured conductivity. 

Electrodeless conductivity is especially applicable to the higher 
conductivity ranges such as 50 to 1,000 millimhos per centimetre. 
Lower conductivity ranges such as 0.01 to 200,000 micromhos per 
centimetre are best handled by the convenţional techniques previously 
described. 


Hydrogen Ion Activity (pH) 


The term pH means a measure of the activity of hydrogen ions (H + ) in a 
solution. It is, therefore, a measure of the degree of acidity or alkalinity 
of an aqueous solution. The effective amount of a given ion actually 
present at any time is called the activity of that ion. Activity values can 
vary from 0 (0 percent) to 1 (100 percent). The measurement of pH, as 
discussed in this chapter, is a potentiometric measurement that obeys 


the Nemst equation. This 
chapter contains an explana- 
tion of the measurement tech- 
nique employed to determine 
pH along with the Nemst 
equation. 

To aidfurther inathorough 
understanding of pH mea- 
surement, some fundamentals 
of the properties of aqueous 
Solutions must be understood. 

lonization or Dissociation 



Stable Chemical compounds 
are electrically neutral. When 
they are mixed with water 
to form an aqueous solution, 
they dissociate into positively Fig. 5 . 5 ^ Electrodeless conductivity measuring 
and negatively charged par- system. 
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ticles. These charged particles are called ions. Ions travel from one 
electrode to the other if a voltage is impressed across electrodes 
immersed in the solution. 

Positive ions, such as H + , Na + , and so on migrate toward the 
cathode, or negative terminal, when a voltage is impressed across the 
electrodes. Similarly, negative ions, such as OH”, CI”, S0 4 -2 , and so 
on, migrate toward the anode, or positive terminal. 

The freedom of ions to migrate through a solution is measured as 
the electrical conductivity of the solution. Chemical compounds that 
produce conducting Solutions are called electrolytes. Not all electro- 
lytes completely dissociate into ions. Those that do (strong acids, 
strong bases, and salts) are strong electrolytes. Others dissociate, but 
produce fewer than one ion for every element or radical in the mole- 
cule. These are poor electrical conductors, and, hence, weak electro- 
lytes. All weak acids and weak bases fall into this class. 

At a specified temperature, a fixed relationship exist s between the 
activity of the ions and undissociated molecules. This relationship is 
called the dissociation constant (or the ionization constant). 

For hydrochloric acid (HC1), the dissociation constant is virtually 
infinite, which means that for all practicai purposes, the HC1 is com- 
pletely composed of positively charged hydrogen ions and negatively 
charged chloride ions. Because of the essentially complete dissociation 
into ions, hydrochloric acid is a strong acid: 

HC 1 H + + CI 

Conversely, acetic acid has a low-dissociation constant. It breaks 
up in the folio wing way: 

CH3COOH *5 H+ + CH3COO- 

Few hydrogen ions show up in the solution — less than one for every 
100 undissociated molecules — therefore, acetic acid is a weak acid. 

It follows that the strength of an acid solution depends on the 
number of hydrogen ions available (the hydrogen ion activity). This 
depends not only on the concentration of the compound in water, but 
also on the dissociation constant of the particular compound. 

When free OH" ions predominate, the solution is basic, or alkaline. 
The dissociation of such a compound is illustrated below. 


NaOH Na + + OH” 
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Sodium hydroxide is, for all practicai purposes, completely dis- 
sociated and is a strong base. 

Conversely, ammonium hydroxide, NH 4 OH, dissociates very little 
into NH 4 + ions and OH" ions, and is a weak base. 

The OH” ion activity, or strength, of a base depends on the number 
of dissociated OH” ions in the solution. The number available depends, 
again, not only on the concentration of the compound in water, but also 
on the dissociation constant of the particular compound. 

Pure water dissociates into H + and OH” ions, but is very weak in 
the sense used above. That is, very little of the HOH breaks up into H + 
ions and OH” ions. The number of water molecules dissociated is so 
small in comparison to those undissociated that the activity of (HOH) 
can be considered 1 (100 percent). 

HOH *5 H + + OH” 

At 77°F or 25°C, the dissociation constant of water has been 
determined to have a value of 10“ 14 . The product of the activities 
(a H +)(a 0 H - ) is then IO” 14 . 

If the activities of hydrogen ions and hydroxyl ions are the same, 
the solution is neutral; the H + and OH” activities must both be IO” 7 
mols per litre. 

It must be remembered that, no matter what compounds are pres- 
ent in an aqueous solution, the product of the activities of the H + ions 
and the OH” ions is always 10“ 14 at 77°F or 25°C. 

If a strong acid, such as HC1, is added to water, many hydrogen 
ions are added. This must reduce the number of hydroxyl ions. For 
example, if HC1 at 25°C is added until the H + activity becomes IO” 2 , the 
OH” activity must become 10“ 12 . 

The pH Scale 

It is inconvenient to use terms as 10“ 7 , IO” 12 and IO” 2 . Therefore, it has 
become common to use a special term to represent degree of acidity, or 
activity of hydrogen ions. This term is pH, originally derived from the 
phrase “the power of hydrogen.” 

The pH is defined as the negative of the logarithm of the hydrogen 
ion activity, or as the log of the reciprocal of the hydrogen ion activity. 

pH = -log a H + = log ţ 


(6-5) 
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Table 6-1 


Temperature °C 

-Log (a H + )(aoH~) 

Neutral pH 

0 

14.94 

1A1 

25 



50 

13.26 

6.63 

75 

12.69 

6.35 

100 

12.26 

6.13 


If the hydrogen ion activity is 10 -x , the pH is said to be x. For 
example, in pure water (at 25°C), the activity of hydrogen ion is IO -7 . 
Therefore, the pH of pure water is 7 at 25°C. 

A point frequently overlooked is that the pH for neutrality varies as 
the solution temperature changes due to a change in the dissociation 
constant for pure water, as shown in Table 6- 1 . 

An acid solution contains more hydrogen ions than hydroxyl ions. 

Table 6-2 



pH 

Hydrogen Ion 
Activity 
Molsl Litre 

Hydroxyl Ion 

Activity 

Mols/Litre 

0 

1 

0.00000000000001 

1 

0.1 

0.0000000000001 

2 

0.01 

0.000000000001 

3 

0.001 

0.00000000001 

4 

0.0001 

0.0000000001 

5 

0.00001 

0.000000001 

6 

0.000001 

0.00000001 

Neutral 7 

0.0000001 

0.0000001 

8 

0.00000001 

0.000001 

9 

0.000000001 

0.00001 

10 

0.0000000001 

0.0001 

11 

0.00000000001 

0.001 

12 

0.000000000001 

0.01 

13 

0.0000000000001 

0.1 

14 

0.00000000000001 

1 
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Therefore, the activity of hydrogen ions will be greater than 10“ 7 , that 
is, IO -6 , IO -5 , IO” 4 . The pH of an acid solution then, by definition, must 
be lower than 7, that is 6, 5, 4. 

If the number of OH” exceeds H + ions, the hydrogen ion activity 
must be less than IO" 7 , that is, IO” 8 , IO” 9 , IO” 10 . Therefore, the pH will 
be higher than 7, that is, 8, 9, 10. 

Table 6-2 demonstrates that a change of just one pH unit means a 
tenfold change in strength of the acid or base. The reason for this is that 
there is an exponenţial reiationship between pH numbers and hydrogen 
ion activity. With so large a change in acidity or alkalinity taking place 
with a change of just one pH unit, the need for sensitive pH measuring 
and control equipment cannot be overemphasized. 

Table 6-3 shows the nominal pH values for a number of common 
Solutions. 


Table 6-3 

PH 

14 <— Caustic soda 4% (1.0N) 

Calcium hydroxide (sat’d sol.) (lime) 
12 Caustic soda 0.04% (0.01N) 

11 Ammonia 1.7% (1.0N) 

<- Ammonia 0.017% (0.01N) 


WiLk of Miigneaja ► 

3 O TRX 

10 

9 Potassium acetate 0.98% (0.1N) 

8 <— Sodium bicarbonate 0.84% (0.1N) 




lUFilIr 

5 


5 <— Hydrocyanic acid 0.27% (0. IN) 

Chec se ^ “ * 

Beer 

3 <— Acetic acid 0.6% 



1 <— Hydrochloric acid 0.37% (0. IN) 
Sulfuric acid 4.9% (1.0N) 

0 <— Hydrochloric acid 3.7% (1.0N) 
-1 <— Hydrochloric acid 37% (10N) 
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Fig. 6-7. Schematic diagram of glass-tipped pH measurement electrode. 

Measurement of pH — The Glass Electrode 

A number of different methods for measuring pH are available for 
laboratory use, but only one has proved sufficiently accurate and univ- 
ersal for industrial use: the pH glass electrode measuring system. 

A special kind of glass, sensitive to hydrogen ions, has been found 
to be the most useful medium for measuring pH. Figure 6-7 shows a 



Fig. 6-8. Actual measuring electrode. 
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schematic diagram of the measuring electrode in which this special 
glass is used. A thin layer of the special glass covers the tip of the 
electrode. Figure 6-8 shows an actual measuring electrode. 

This glass contains a chamber filled with a solution of constant pH. 
An internai electrode conductor element immersed in the internai solu- 
tion is connected to the electrode lead. The conductor element is dis- 
cussed in the section on temperature compensation. 

If the hydrogen ion activity is greater in the process solution than 
inside the electrode, a positive potenţial difference will exist across the 
glass tip. That is, the externai side of the glass will have a higher 
positive potenţial, and the internai a lower positive potenţial. If the 
process is lesser in hydrogen ion activity, a negative potenţial differ- 
ence will exist. 

The relationship between the potenţial difference and the hydrogen 
ion activity follows the Nemst equation. 


E= £° + 


2.3 RT . q H + outside 

nf 08 a H + i ns id e 


( 6 - 6 ) 


where: 

E 

E° 

R 

T 

n 

F 

°H + 


potenţial difference measured 

a constant for a given electrode system at a specified tem- 
perature (25°C) 
the gas law constant 
Absolute temperature 
charge on ion (+1) 

Faraday’s number, a constant 
hydrogen ion activity 


In the most common type of pH electrode, that with an internai 
buffer solution of 7 pH, the voltage across the membrane will be zero at 
7 pH. 


Reference Electrode 

The potenţial inside the glass is the output of the measuring electrode. 
It must be compared to the potenţial in the solution outside the glass to 
determine potenţial difference and, hence, pH. The sensing of the po- 
tenţial in the solution must be independent of changes in solution com- 
position. Platinum or carbon would act as ORP, or redox-measuring 
electrodes. They would be responsive to oxidants or reductants in the 
solution. They would not yield a true solution potenţial with solution 
composition changes. 
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A reference electrode is the answer. Figure 6-9 is a schematic 
diagram of a typical reference electrode. 

The connecting wire is in contact with silver that is coated with 
silver chloride. This, in turn, is in contact with a solution of potassium 
chloride saturated with silver chloride (AgCl). The saturated KC1, 
called the salt bridge, in turn, contacts the process solution. 

Because the concentration of all of the components from the con- 
necting wire to the KCI solution is iîxed, the potenţial from wire to 
KC1 is fixed. The potenţial between the KCI and the process solution 
(called the liquid junction potenţial) is normally small, and will vary 
only insignificantly with process changes. The overall potenţial of the 
reference electrode is thus essentially constant, virtually independent 
of process solution changes, to meet the requirement mentioned earlier. 

As the need for high accuracy or repeatability becomes greater, 
protection of the reference electrode’s internai environment becomes 
more important. Also, prevention of coatings over the electrode tip 
becomes more criticai. Leaking in of process solution must be pre- 
vented. Noxious Chemicals, or even distilled water, would change the 
concentration, contaminating the electrolyte. The result would be an 
unpredictable change in the reference potenţial. Conductive coatings 
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Fig. 6-9. Schematic diagram of reference electrode. 
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on the electrode tip may cause spurious potentials, and nonconductive 
coatings may literally open the measurement circuit. 

Two types of reference electrode s are available — flowing and non- 
flowing. The flowing version (Figure 6-10) is usually select ed when the 
highest possible accuracy or repeatability is needed. To prevent elec- 
trolyte contamination and to minimize coatings or deposits on the tip, 
there is provision for a flow of KC1 electrolyte out through the porous 
electrode tip. Instrument air is applied inside the electrode. It maintains 
a pressure on the electrolyte slightly higher than that of the process 
liquid. A 3 psi (20 kPa) diferenţial pressure forces a trickle of 1 or 2 ml 
per day of electrolyte out into the process solution. 

The nonflowing version (Figure 6-1 1) of a reference electrode is often 
considered standard. No externai pressure is applied to this type of 
electrode. The electrolyte is a paste of KC1 and water that actually does 
flow, or diffuse, into the process solution. The flow rate may be as low 
as 0.01 ml per day; this is a function of diffusion properties. After 



Fig. 6-10. Flowing reference electrode. 
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Fig. 6-11. Construction details of nonflowing reference electrode. 


depletion of the electrolyte, the nonflowing electrode is usually either 
recharged or replaced. 


Temperature Compensation 

The major potenţial difference exists in the reference electrode, be- 
tween the metallic silver and the silver ions in the AgCl solution. It 
follows from the Nemst equation: 


E = 


2.3RT 

nF 


log 


n Ag° 

"Ag + 


(6-7) 


Because R, n, and F are constants, and "Ag" and A Ag + are fixed, 
this potenţial (E) will vary only with the absolute temperature of the 
electrode. Since there is a definite Chemical relationship between the 
ionic silver and the activity of chloride in the KC1 electrolyte, the above 
expression may also be written as: 


E = E° - kT log «CI" (6-8) 

To compensate for this temperature sensitivity, another silver- 
silver chloride electrode is inserted into the top of the glass measuring 
electrode, the internai conductor element mentioned previously. As the 
temperature of the electrode changes, the potentials of the reference 
electrode and the conductor element will vary, but will effectively can- 
cel each other, assuming similar values for "Ag + (or ''CI') in each elec- 
trode as is usually the case. 



ANALYTICAL MEASUREMENTS 169 

A remaining temperature effect influences the potenţial across the 
membrane of the glass measuring electrode. This will vary with the 
absolute temperature and is greatest at high- and low-pH values. At 
values around 7, the variation with temperature is zero. This point is 
called the isopotential point. Figure 6-12 shows the magnitude of the 
temperature error, away from the isopotential point, with glass elec- 
trodes. 

In general, some type of temperature compensation is essential for 
accurate, repeatable pH measurement. If the process temperature is 
constant, or if the measured pH is close to a value of 7, manual temper- 
ature compensation may be used. Otherwise, for good results, auto- 
matic temperature compensation will be required. 

Reading the Output of the pH Electrodes 

The high resistance of the glass measuring electrode results in the need 
for a millivolt meter with very high internai resistance or sensitivity to 
measure the cell output. The pH electrodes may be compared to a pair 
of flashlight cells in series, but unlike the flashlight cell, the electrodes 
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Fig. 6-12. Graph of pH measurement errors versus pH values at various solution 
temperatures due to temperature differences across the measurement electrode tip. 
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are characterized by extremely high internai resistance (as high as a 
billion ohms). Unless the millivolt meter employed to measure the 
voltage created by the electrodes has almost infinite resistance, the 
available voltage drop will occur across the internai resistance and 
result in no reading, plus possible damage to the electrodes. 

In addition to high impedance or sensitivity, the instrument must 
have some provision for temperature compensation. It must also have 
available adjustments that provide for calibration and standardization. 
The Foxboro pH transmitter shown in Figures 6-13 and 6-14 is typical 
of an instrument designed to make this measurement. Its output is 
typically 4 to 20 mA dc which can be fed to a control system. When pH 
is measured in the process plant, it is generally for the purpose of 
control. 

pH Control 

Experience has shown that it is virtually impossible to control pH 
without considering the process composition as well as more obvious 
parameters of flow rate, pressure, temperature, and so on. This consid- 
eration is frequently even more criticai where plant waste neutraliza- 
tion is being controlled; in such applications, there are usually wide, 
relatively uncontrolled variations in composition as opposed to the 
normally better defined, and controlled, process stream. 

A pH control system can be a relatively simple on/off control loop 
in some batch processes. At the other extreme, it can be a complex, 
feedforward/feedback system with multiple sequenced valves for con- 
tinuo us neutralization over a wide, dynamic pH range. 



Fig. 6-13. Block diagram of typical transmitter. 
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Fig. 6-14. Actual transmitter. 


The rate of change of inlet pH and flow is a major consideration in 
determining whether feedforward control is necessary. Since changes 
in pH reflect logarithmic changes in composition, they can affect re- 
agent demands tremendously and rapidly. Since reagent addition varies 
directly and linearly with flow, doubling the flow requires twice as 
much reagent at a given pH. But a change of one pH unit at a given flow 
requires a tenfold change in reagent. Flow rate compensation is often 
required in complex pH control loops, but usually only when flow 
changes are greater than 3:1. 

The amount of reagent addition for buffered and unbuflFered Solu- 
tions, as seen on convenţional acid-base titration curves (Figure 6-15), 
is also an extremely important consideration in the design of a pH 
control system. Reaction time of the various reagents must also be 
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Fig. 6-15. Typical neutralization curves for unbuffered Solutions (strong acid or strong 
base) and buffered Solutions. Examples of buffered Solutions are (1) weak acid and its 
sale with the addition of a strong base, and (2) strong acid or base, concentrated, 0.01 
M. 

given serious consideration in designing both the process and the con- 
trol system. 

A pH measurement and control system, in conjunction with a 
well-designed process, can be a most successful, reliable system when 
proper consideration has been given to the various design parameters. 

Summary 

Continuous pH measurement is a valuable tool for industry and gives 
information that cannot be obtained economically in any other fashion. 
It is generally more complex than, say, temperature or pressure mea- 
surements, but with constant use, it becomes a routine analytical tool. 


Oxidation-Reduction Potenţial 

Oxidation-reduction potenţial or redox measurements determine the 
oxidizing or reducing properties of a Chemical reaction. In this applica- 
tion, the term oxidation is used in its electrochemical sense and applies 
to any material which loses electrons in a Chemical reaction. By defini- 
tion, a reduction is the opposite of oxidation, or the gaining of externai 
electrons. There can be no oxidation without an attending reduction. 
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For example, a ferrous ion may lose an electron and become a ferric ion 
(gaining increased positive charge) if a reduction, say, of stannic to 
stannous ions (which is the reverse of this operation) occurs at the same 
time. 

This measurement uses electrodes similar to those in pH measure- 
ment (except that metal is used instead of glass), but the two types of 
measurement should not be confused. The measurement depends on 
the oxidizing and reducing Chemical properties of reactants (not neces- 
sarily oxygen). The inert metal electrode versus the reference electrode 
will produce a voltage that is related to the ratio of oxidized to reduced 
ions in solution. 

This measurement is similar to that of pH in the requirements that 
it places on the voltmeter used with it. It is useful for determinations in 
waste treatment, bleach production, pulp and paper bleaching, and 
others. 

The application of ORP measurement or control depends on a 
knowledge of what goes on within the particular process reaction. The 
ORP measurement can be applied to a reaction only under the following 
conditions: 

1. There are present in the solution two reacting substances: one that 
is being oxidized and one that is being reduced. 

2. The speed of reaction, following an addition of one of the sub- 
stances above, is sufficiently fast for good measurement or control. 

3. Contaminating substances are held to a minimum, especially those 
capable of causing side reactions of oxidation or reduction. 

4. The pH of the solution is controlled in those areas of the applicable 
curve where variations in pH can affect the ORP measurement. 


lon-Selective Measurement 

Certain applications require that the activity of a particular ion in solu- 
tion be measured. This can be accomplisehd with an electrode designed 
to be sensitive to the particular ion whose concentration is being mea- 
sured. These electrodes are similar in appearance to those employed to 
measure pH, but are constructed as glass-membrane electrodes, 
solid-membrane electrodes, liquid-ion-exchange-membrane electrodes, 
and silicone-rubber-impregnated electrodes. 

A common example of ion-selective measurement is found in many 
municipal water treatment plants. In this application, a measurement of 
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fluoride ion activity can be related to concentration. The measuring 
electrode is made of plastic and holds a crystal of lanthanum fluoride 
through which fluoride ions are conducted. The reference electrode is 
the same as that used for pH. The electrode output is read on a high 
impedance voltmeter very similar to that used with pH electrodes. 

Many applications are possible using the ion-selective technique. 
At present, measurements in water treatment include hardness, 
chlorine content, waste, and pollution. Many other industrial applica- 
tions have been suggested and many have proven effective. 


Chromatography 

The original application of chromatography consisted of studying the 
migration of liquid Chemicals through porous material, usually paper. 
The word chromatography means color writing, which occurs when 
certain extracts or dyes applied to paper produced colored bands. 
Modem gas chromatography dates from 1952, when James and Martin 
first used the principie to separate a mixture of volatile fatty acids 
having nothing to do with color. 

The modem chromatograph is generally used for gas analysis. It 
consists of a column, a tube or pipe packed with materials that will 
absorb the gases being analyzed at different rates. The gas to be ana- 
lyzed is carried through the columns by an inert carrier gas, usually 
helium. As the gas mixture passes through the column, different com- 
ponents are delayed for varying increments of time. Thus, as the gas 
stream leaves the column and is passed through a gas detector, a 
chromatogram, or “fingerprint,” is formed which may be used to de- 
termine the components in the gas as well as the quantity present. The 
packing material for the column must be properly selected to provide 
the separation desired for the sample under analysis. The operating 
parameters, such as temperature, carrier gas flow and pressure, sample 
valve timing and detector sensitivity, all influence output. Therefore, in 
a working chromatograph, these factors must be carefully controlled. 

Chromatographs are widely used in process work; in fact, they are 
among the most popular analytical tools. They are used for both liquids 
and vapors, and adaptaţi ons are available to provide an output in con- 
venţional analog form such as a 3 to 15 psi (20 to 100 kPa) pneumatic 
signal. The details of this instrument’ s operations are beyond the scope 
of this book. Several references suitable for further study are listed at 
the end of this chapter. 
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Table 6-4. Comparison of Capacitance, Conductivity, pH, and ORP Techniques 

pH or 



Capacitance 

Conductivity 

ion-selective 

ORP 

Specificity 

Poor 

Poor 

Excellent 

Poor 

Sensitivity 

Fair 

Good 

Excellent 

Excellent 

Conducting 

fluids 

Not 

applicable 

Good 

Good 

Good 

Nonconducting 

Good 

Not 

Not 

Not 

fluids 


applicable 

applicable 

applicable 

Maintenance 

Low 

Low 

High 

Medium 

înstallation 

problems 

Low 

Low 

High 

Low 

Cost 

Low 

Low 

Medium 

Low 


Capacitance 

Capacitance is not, as applied, an electrochemical measurement. How- 
ever, a measurement of some characteristic in a nonconducting liquid is 
frequently required, and in these applications, capacitance may provide 
the answer. 

Electrical capacitance exists between any two conductors sepa- 
rated by an insulator (dielectric). The amount of capacitance depends 
on the physical dimensions of the conductors and the dielectric con- 
stant of the insulating material. The dielectric constant (Â) for a vac- 
uum is 1 ; all other dielectric materials have a K greater than 1 . For 
example, for air, K = 1.00588; for dry paper, K = 2 to 3; for pure 
water, K = 80. The Table of Dielectric Constants of Pure Liquids 
(NBS Circular 514), available from the U.S. Government Printing 
Office, lists the dielectric constants of nearly all common liquids. 

Mixtures of materials have a composite value of K that can be 
directly related to composition. This approach is readily applied to the 
determination of water content in materials such as paper and crude oii. 
Capacitance is also applicable to le vel, interface, octane, and other 
measurement problems. 

In general, the capacitance technique has provided a solution to 
many measurement problems that cannot be solved easily by more 
convenţional means. Table 6-4 compares the application of pH, ORP, 
ion-selective, conductivity, and capacitance measurements to process 
situations. 



176 FEEDBACK PROCESS CONTROL 


References 

Conductivity cells. Te chnical Information Sheet 43-10a. Foxboro, MA., The 
Foxboro Company. 

Fluoride measuring systems — potable water. Technical Information Sheet 
43-2 la. Foxboro, MA., The Foxboro Company. 

Fundamentals of pH measurement. Technical Information Sheet l-90a. 

Foxboro, MA., The Foxboro Company. 
pH electrodes and holders. Technical Information Sheet 43- 11a. Foxboro, 
MA., The Foxboro Company. 

Theory and application of oxidation-reduction potentials. Technical 
Information Sheet l-61a. Foxboro, MA., The Foxboro Company. 
Pneumatic composition transmitter. Technical Information Sheet 37- 130a. 

Foxboro, MA., The Foxboro Company. 

Liptâk, B. G. Instrument Engineers Handbook, Sec. 81, Volume I. Radnor, 
PA: Chilton. 

Shinskey, F. G. pH and pION Control in Process and Waste Streams. 

New York: John E. Wiley and Sons, 1973. 


Questions 

6-1. Conductivity and pH measurements are: 

a. Two different techniques 

b. Similar in operation 

c. Identical but given different names 

d. Two techniques that use the same equipment 

6-2. The three factors that control the conductivity of an electrolyte are: 

a. Specific gravity, density, and volume 

b. Concentration, material in solution, and temperature 

c. Color index, turbidity, and temperature 

d. Hydrogen ion concentration, temperature, and pressure 

6-3. pH is a measure of: 

a. Effective acidity or aikalinity of a liquid 

b. The oxidation or reduction properties of a solution 

c. Specific conductance of an electrolyte or total ionic activity 

d. Purity in an aqueous solution 

6-4. A buffer solution is used with pH-measuring instruments to: 

a. Standardize the equipment 

b. Protect the equipment 

c. Clean the electrodes 

d. Platinize the reference electrode 

6-5. Oxidation-reduction potenţial (ORP) is a measurement of: 
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a. The oxidizing or reducing Chemical properties of a solution 

b. The oxygen present in any quantity of a given gas mixture 

c. The hydrogen ion concentration in a given solution 

d. The degree of ionization for a particular solution 

6-6. Capacitance measurements are usually applied to: 

a. Conducting liquids c. Gas measurements 

b. Nonconducting liquids d. Ionized gases 

6-7. Which of the following are electrochemical measurements: 

a. Humidity and density 

b. Turbidity and differential vapor pressure 

c. pH and ORP 

d. Dew point and boiling point rise 

6-8. A salt (NaCl) solution must be controlled at a concentration of 12 
percent. The best choice of measurement for the control system would be: 

a. Conduc ti vity c. ORP 

b. pH d. Capacitance 

6-9. An industrial effluent stream is to be neutralized by adding a sodium 
hydroxide solution. The best choice of analytical measurement for the control 
system would be: 

a. Conductivity c. ORP 

b. pH d. Capacitance 

6-10. Ion-selective measurements: 

a. Are similar to conductivity in operation but use a different cell 

b. Are similar to capacitance measurements but use a different instrument 

c. Are similar to pH measurements but use different electrodes 

d. Are similar to density but use more exact techniques 

6-11. A pH control system is used to neutralize a Chemical waste stream 
being dumped into a municipal sewage system. The desired pH is 7 or 
complete neutrality. An unfortunate accident short circuits the cable 
connecting the electrodes to the measuring transmitter. The re suit will be: 

a. The control valve admitting the neutralizing agent will fully open 

b. The control valve will close 

c. The control valve will remain approximately at its half open position 

d. The system will cycle 

6-12. The concentration of salt in a liquid used to carry a slurry must be 
monitored. The best choice of measurement will be: 

a. Electrodeless conductivity c. ORP 

b. pH d. An ion-selective system 

6-13. A pH system is to be selected. It is required that the system function 
with little or no maintenance. The reference electrode selected would be: 
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a. A flowing type c. A nonflowing type 

b. A pressurized flowing type d. A pressurized nonflowing 

type 

6-14. The pH of a stream is to be monitored accurately. It is discovered that 
the temperature of this stream varies from 40 to 60°F: 

a. A measuring system with automatic temperature compensation is 
indicated 

b. Temperature compensation is not necessary 

c. A manual temperature compensation will be adequate 

d. The pH range will determine the need for temperature compensation 

6-15. The most popular carrier gas used in gas chromatographs is: 

a. Helium c. Hydrogen 

b. Air d. Oxygen 
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The Feedback Control Loop 


The feedback control loop, introduced in Chapter 1, requires further 
discussion. This chapter is devoted to a more detailed description of 
loop operation and its implicit mathematical relationships. 

In the feedback loop, the variable to be controlled is measured and 
compared with the desired value — the set point. The difference be- 
tween the desired and actual values is called error, and the automatic 
controller is designed to make the correction required to reduce or 
eliminate this error. 

Within the controller, an algebraic ‘‘summing point” accepts two 
inputs — one from measurement, the other from set. The resulting output 
represents the difference between these two pieces of information. The 
algebraic summing point is shown symbolically in Figure 7-1, where c 
represents measurement; r represents set point; ande represents error. 
Bothr and c must be given their proper signs (+ or — ) if the value ofe is 
to be correct. 

A typical closed-loop feedback control system is shown in Figure 
7-2. Assume that the algebraic summing point is contained within the 
feedback controller ( FBC ). In order to select the proper type of feed- 
back controller for a specific process application, two factors — time 
and gain — must be considered. Time consist s of dead time, capacity. 
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e = r - C 


Fig, 7-1. Algebraic summing point. 


and resistance. These factors cause phase changes that will be de- 
scribed in this chapter. 

Gain appears in two forms — static and dynamic. Gain is a number 
that equals the change in a unit’s output divided by the change in input 
which caused it. 


Gain = 


A output 
A input 


The static gain of an amplifier is easily computed if, for a given step 
change in input, the resulting change in output can be monitored. Case 
A in Figure 7-3 shows an amplifier with a static gain of one. In Case B, 
the output is magnified when compared with the input by a factor 
greater than one. In Case C, the output change is less than the input. 
Here, the input has been multiplied by a number less than one. 

The dynamic gain of an amplifier may be computed by inducing a 
sine wave on the input and observing the resulting output. Figure 7-4 
illustrates this procedure with an amplifier that has no time lag between 
its input and output. If the amplitude of the output is only half as high as 
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Fig. 7-2. Closed-loop control system. 




THE FEEDBACK CONTROL LOOP 181 


STATIC GAIN 



ClM 

A 

i 

c 

Input change 
j Output change 
! Static gain 

10% 

10% 

«-I 

10% 

20% 

10% 

5% 

ft-i 


Fig. 7-3. Static gain. 


the amplitude of the input sine wave, the amplifier is said to have a 
dynamic gain of 0.5 for the particular frequency of the input wave, for 
example, 1 Hz. 

By monitoring the output amplitude for many different input fre- 
quencies, a series of dynamic gain numbers may be found. A plot of the 
amplitude ratio (gain) as a function of frequency of the input sine wave 
is the gain portion of a Bode diagram, or a frequency-response curve 
(Figure 7-4). Note that the higher the frequency, the lower the gain. 





Fig. 7-4. Dynamic gain. 
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This is true for nearly all processes and Instruments. The frequency 
scale is normally a logarithmic scale. Gain or amplitude ratio is also 
normally expressed in decibels, where 1 decibel equals 20 times the 
logarithm to the base 10 of the amplitude ratio. 

As the frequency becomes lower and lower, and finally approaches 
zero, a measure of the amplifier’s static gain can be obtained. 

Just as the static or dynamic gain of an individual amplifier can be 
computed, so can the static or dynamic gain of a process control loop. 
Figure 7-5 shows a temperature control loop. The static loop gain has 
been computed by multiplying the static gains of each of the individual 
components of the loop. Likewise, the dynamic loop gain could be 
calculated by multiplying the dynamic gains of each element at a par- 
ticular frequency. Pure dead time has a gain of 1. 

Each element in the control loop contributes gain to the total loop. 
Increasing the size of a control valve or narrowing the spân of a trans- 
mitter has exactly the same effect as increasing the gain of a controller. 



Fig. 7-5. Response characteristics of each element in a feedback control loop-heat, 
exchanger process. 

TT Transmitter gain = psi/°F 
TC Controller gain = psi/psi 
Diaphragm actuator gain = inches/psi 
Valve gain = Btu/inches (lift) 

Heat exchanger gain = °F/Btu 
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Proper selection of valve size and transmitter spân is as important as 
selecting the gain range in the controller. 

In practice, the gain of the components in the loop may not be 
uniform throughout their operating range. For example, control valve s 
having several characteristics will exhibit linear, equal-percentage 
(logarithmic), or other types of gain curves. Unless special precautions 
are taken, the gain of many control loops will change if the operating 
le vel shifts. The gain must then be readjusted at the controller to pro- 
vide satisfactory control. 

Let us investigate how a feedback control system functions under 
closed-loop conditions. 

The Closed-Loop Control System 

The process consists of multiple capacitances (to store energy) and 
resistances (to energy flow), as shown in Figure 7-6. Similarly, the 
measuring system generally contains multiple capacitances and resis- 
tances. The controller also consists of capacitance and resistance net- 
works. The final operator, or valve motor, likewise contains capaci- 
tance and resistance, and the control valve is essentially a “variable 
resistance.” Thus, the analysis of the system is simply an analysis of 
how signals change as they pass through resistance-capacitance and 
dead time net works of various types. 



Fig. 7-6. Closed-loop process control system illustrates the RC combinations that could 
exist around a feedback loop. Each affects process stability. 
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Phase Shift Through RC Networks 

Figure 7-7 illustrates the phase shifts that occur when a sine wave is 
applied to a network of resistances and capacitances. Each succeeding 
RC combination contributes its own phase shift and attenuation. In 
Figure 7-7, bottom, a phase shift of 180 degrees (a full half cycle) takes 
place. That is, the output (e Ra ) is 180 degrees out of phase with the input 
(e applied). The signal has also been attenuated because each resistor 
causes a loss in the energy level in the system. This phase change can 
lead to instability in a closed-loop system. 

Oscillation 

In a physical system employing feedback, instability will occur if 
energy is fed back in such direction (phase) as to sustain the instability 
or oscillation. 

Oscillators are often divided into two major categories, those that 
utilize a resonant device and those that do not. The resonant oscillator 
uses a device that requires a minimum of added energy each cycle to 
maintain oscillation. On the other hand, the nonresonant oscillator is 
simply an amplifier with some type of phase-shifting network between 
output and input. A public address system with the gain so high that it 
howls is a nonresonating type. 



SIMPUFIED PHASE SHIFTER 



Fig. 7-7. Phase of signal across R u R 2 , and R 3 is different. At one frequency, the output 
signal can be exactly 180 degrees out of phase with the input signal, as shown in the 
graph. 
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Academically, both the resonant and nonresonant oscillators fol- 
low the same mathematical law, but the amplifier gain requirements are 
quite different for the two categories. With a nonresonant circuit, oscil- 
lation will occur (1) if the feedback is positive (inphase) and (2) if the 
gain is unity or greater. These two conditions are necessary for sus- 
tained oscillation. 

Figure 7-8 shows a simple mechanical oscillator. In this system, 
energy stored in the spring is transferred to the weight, back to the 
spring, to the weight again, and so on. The oscillations soon die out 
because some of the energy is dissipated in each cycle. If the oscillation 
is to be continuous, energy must be added to make up the losses. 

In the bottom part of the figure, this energy is added by depressing 
and releasing the weight. If the energy is to enforce the oscillation, it 
must be in the proper phase with the motion. That is, enforcing energy 
must be added at a time when both the energy and the oscillation are 
moving in the same direction. 

Figure 7-9 shows a free-running oscillator in which the required 
energy is introduced through feedback. This circuit is called a phase 
shift oscillator. It consists of a transistor amplifier and a feedback path 
comprised of three resistance-capacitance combinations. This circuit is 
important because it is a simple illustration of the manner in which an 
ordinary amplifier can be made to oscillate simply by use of feedback. 



Fig. 7-8. At top, the mass on the spring received a single downward displacement and 
the oscillation is delayed. Below, after the iniţial displacement, the mass receives 
periodic small displacements and the oscillation is continuous. 


186 PNEUMATIC AND ELECTRONIC CONTROL SYSTEMS 


The transistor amplifier not only makes up for circuit losses, but 
also contributes a phase shift of 180 degrees; that is, the collector is 180 
degrees out of phase with the base signal. Each/?C element contributes 
additional phase shift, depending on the values of the components and 
the frequency involved. If each RC combination contributes a phase 
shift of 60 degrees, the three together will result in a 180-degree phase 
shift. This, added to the 180-degree phase shift through the amplifier, 
results in 360 degrees of phase shift. The feedback signal is now in 
phase with the input signal. This inphase feedback produces continu- 
ous oscillation. 

Since only one frequency will be shifted in phase exactly 360 de- 
grees by the RC networks, the oscillator output is of this one fre- 
quency. 

The closed-loop control system (Figure 7-6) also has phase-shifting 
networks, made up of all process and controller components, together 
with an amplifier capable of contributing suficient gain to overcome the 
system’ s losses. This closed-loop system contains the same basic in- 
gredients as the phase-shift oscillator. Each resistance-capacitance 
combination will shift the phase of the energy flowing around the con- 
trol loop in the same manner as in Figure 7-9. 

Oscillation (instability) will occur whenever (1) the phase relation- 
ships through the various resistance-capacitance combinations pro vide 
feedback in proper phase, and (2) the system gain is unity, or greater at 
the frequency at which the phase shift is 360 degrees. 

Figure 7-10 illustrates a plot of system gain (output/input signal- 
Bode diagram) and output/input phase shift versus frequency for a 
three-mode controller. The phase shift (expressed in degrees of lead or 



Fig. 7-9. Shift of phase in three RC sections maintains oscillation in phase-shift 
oscillator. 
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Fig. 7-10. Bode diagram shows gain of system (top) and phase change (bottom)at 
various frequencies. The gain (output signal/input signal) and phase (output/input) are 
measured with the system in open-loop operation. 


lag) is plotted linearly against the logarithm of frequency. Note that the 
integral is phase lagging and the derivative is phase leading. 

The proporţional adjustment in the controller adjusts its overall 
gain and hence the loop gain. The integral adjustment govems the 
low-frequency response, and the derivative adjustment govems the 
high-frequency gain of the control mechanism. 

In addition to controlling gain, these adjustments also affect the 
phase shifts. Thus, an improper setting of any one of the three control 
modes can cause the control system to satisfy the two criteria for 
oscillation and become unstable, 

Stability in the Closed-Loop System 

Under normal operating conditions, the control system should produce 
stable operation. That is, the controller should retum the system to set 
point, in the event of an upset, with minimum overshoot and oscilla- 
tion. 

Too much overall gain (too narrow a proporţional bând) can cause 
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the system to oscillat-e if the feedback reinforces the oscillation. Too 
little gain can cause the system to deviate too far from the desired set 
point. 

The damped oscillation shown in Figure 7-1 1 is characteristic of the 
curve a closed-loop control system will produce when it is subjected to 
a step change. If the phase and gain relationships are pro per, energy is 
not fed back to sustain the oscillation, and the cycles die out. The 
pattem of decay generally can be controlled by the adjustments avail- 
able in the control mechanism. Engineering judgment and skill are 
required to select the recovery curve best suited to the process being 
controlled. 

A high-gain setting is desired because this gives the fastest and 
most accurate control action. However, too much gain produces oscil- 
lation. The best compromise is to use enough gain to produce a damped 
oscillation, as shown in the middle of Figure 7-11 (0.25 damping ratio). 

Nonlinearities 

Thus far it has been assumed that the capacitances and resistances 
found in the process control loop have a fixed value that does not 
change with process conditions, This is not always true in practice. 
Frequently, process conditions vary the value of the resistances and 
capacitances involved and, as a result, the phase and gain relationships 
are in constant transition from one value to another. At other times, 
these values change, limiting or restricting the natural behavior of the 




Fig. 7-11. Closed-loop response to an upset depends on gain of loop. 
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system. Such changes are often considered as a group and are called 
nonlinearities. 

A thorough understanding of the operation of the linear system is a 
prerequisite to an understanding of the nonlinear type. It is common 
practice to assume a system is linear for the purpose of basic control, 
and then deal with the nonlinear characteristics as problems arise. 


Controllers and Control Modes 

A wide variety of response characteristics involving gain and time 
create the different modes of process control. The controller mode 
selected for a given process will depend on: 

Economics 

Precision of control required 
Time response of the process 
Process gain characteristics 
Safety 

Now let us investigate the most common control modes. 
Two-Position Control 

Within this classification there exist several specific methods — on/off, 
differential gap, and time-cycle control. 

On/off control is the most common. As soon as the measured vari- 
able differs from the desired control point, the final operator is driven to 
one extreme or the other. 

In the usual sequence (Figure 7-12), as soon as the measured vari- 
able exceeds the control point, the final operator is closed. It will 
remain closed until the measured variable drops below the control 
point, at which time the operator will open fully. The measured vari- 
able will oscillate about the control point with an amplitude and fre- 
quency that depend on the capac ity and time response of the process. 
As the process lag approaches zero, the curve will tend to become a 
straight line. Then the frequency of the final operator open/close cycle 
will become high. The response curve will remain constant (amplitude 
and frequency) as long as the load on the system does not change. 

On/off control is found in many household applications, such as the 
refrigerator, heating system, and air-conditioning system. A simple 
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Fig. 7-12. Two-position control acts on operator. 


thermostatically controlled electric heater is another familiar example. 
The room in which the heater is placed determines the capacity of the 
process, and, hence, the response curve. 

The following requirements are necessary for on/off control to pro- 
duce satisfactory results: 

1. Precise control must not be needed. 

2. Process must have sufficient capacity to allow the final operator to 
keep up with the measurement cycle. 

3. Energy inflow is small relative to the energy already existing in the 
process. 

Differential-gap control is similar to on/off except that a bând, or 
gap, is created around the control point. In Figure 7-12, note that, when 
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the measured variable exceeds the upper boundary of the gap, the final 
operator is closed and remains closed until the measured variable drops 
below the lower boundary. It now opens and remains open until the 
measured variable again exceeds the upper boundary. In a process 
plant, differential-gap control might be used for controlling noncritical 
levels or temperatures. 

A time-cycle controller is normally set up so that when the mea- 
sured variable equals the desired control point, the final operator will 
be open for half the time cycle, and closed the other half. As the 
measured variable drops below the control point, the final operator will 
remain open longer than it is closed. 

Two-position control is nearly always the simplest and least expen- 
sive form of automatic control. Any of the forms discussed can be 
implemented with commercially available mechanical, pneumatic, or 
electronic instrumentation. On the other hand, two-position control 
may not meet the requirements often demanded by today’s sophisti- 
cated processes. Now let us investigate a typical on/off control loop. 
Assume we have a liquid-level process as shown in Figure 7-13. 

Throttling Control 

Proporţional or throttling control was developed to meet the demand 
for a more precise regulation of the controlled variable. Throttling con- 
trol indicates any type of control system in which the final operator is 
purposely positioned to achieve a balance between supply to and de- 
mand from the process. 

The basic type of throttling control is proportional-only control. 
This term applied to a control action wherein the position of the final 
operator is determined by the relationship between the measured vari- 
able and a reference or set point. The basic equation for a proporţional 
only controller is: 

m = Gain (Error) + Bias (7-1) 

where: 


m = controller output or valve position 
Error = difference between set (r) and measurement (c) 


or 


e = r — c 


(7-2) 




Fig. 7-13. PROBLEM: DIFFERENTIAL GAP CONTROL, CALCULATE PERIOD. 
Question /.* What is the period of oscillation of the control loop? 

Given : 

Controller: on/off with 7 percent differential gap. 

Instrumentation response: assume instantaneous. 

Load = Q = 60 gpm. 

Manipulated Variable = M = 0 gpm or 90 gpm. 

Tank: 6 feet diameter, 12 feet high. 

Level transmitter: 0 to 8 feet. 

Set Point =50 percent 

Question 2: What is the period of oscillation if the load is 50 gpm? 

Question 3: At which load will the period be shortest? 

Solution: 

1. Volume of transmitted signal = are a x height 


7 tD 2 
4 


H = g ( 6 . ft,)2 x 8 ft. = 226.2 ft 3 x 7 ,4 *L sa1, = 


ft 3 


1692 gal. 


2. Volume within 7 percent differential 
(0.07)(1692) = 118.4 gal. 

3. Level cycle: 

3a. Rate of rise = (90 - 60) gpm =30 gpm 

„ . 118.4 gal. „ ^ 

Tune to nse = — — 2 — = 3.95 mm. 

30 gpm 

3b. Rate of fall = (0 - 60) gpm = - 60 gpm 

Time to fall = -118.4 gal. = j .973 min . 

-60 gpm 

3c. Total time = (3.95 + 1.973) min. = 5.92 min. 

Solution to no . 2: 

118 4 cal 

3. Time to rise = — — ‘ * — = 2.96 min. 

(90 - 40) gpm 

Time to fall = = 2.37 min. 

(0 - 50) gpm 

Period of oscillation = 5.33 min. 

Solution to no. 3: 

when Q = ^on + M on _ 90 gpm + 0 gpm _ 4? gpm 
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Bias = usually adjusted to place the valve in its 50 percent open posi- 
tion with zero error. 

The term proporţional bând is simply another way of expressing 
gain. 

% Proporţional Bând = Contr X° r Gain 


or 


Controller Gain = 


100 

% Proporţional Bând 


Substituting the error formula (e = r - c ), Equation 7-2, and the 
proporţional bând formula {% PB = Equation 7-3, into Equa- 

tion 7-1, it may be expressed as: 


"* = S (r - c)+50% 

Another approach to visualizing the effect of varying the propor- 
ţional bând is shown in Figure 7-14. Each position in the proporţional 
bând dictates a controller output. The wider the bând, the greater the 
input signal (set point - measurement) must change in order to cause the 
output to swing from 0 to 100 percent. Manual adjustment of the bias 
shifts the proporţional bând so that a given input signal will cause a 
different output level. 

Application of Proporţional Control 

Proporţional control attempts to retum a measurement to the set point 
after a load upset has occurred. However, it is impossible for a propor- 
ţional controller to retum the measurement exactly to the set point, 
since, by definition (Equation 7-4), the output must equal the bias set- 
ting (normally, 50 percent) when measurement equals the set point. If 
the loading conditions require a different output, a difference between 
measurement and set point must exist for this output level. Propor- 
ţional control may reduce the effect of a load change, but it cannot 
eliminate it. 

The resulting difference between measurement and set point, after 
a new equilibrium level has been reached, is called offset. Equation 7-5 
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SET POINT 
MINUS 

MEASUREMENT 


OUTPUT 


GAIN - £ 

GAIN « 1 


GA IN >0.5 


0PEN-L00P GAIN RESPONSES 


TIME — ► 


100 


MEASUREMENT, 

% 

50 


0% CONTROLLER 
OUTPUT 

-50% PROPORŢIONAL BÂND 


0% CONTROLLER 
OUTPUT 


100 % 

-PROPORŢIONAL 

BÂND 


OUTPUT """ 


_I00% ^CONTROLLER 
""““OUTPUT 


BIAS (MANUALLY SET) = 50% 
EFFECT OF CHANGES IN PROPORŢIONAL BÂND 


Fig. 7-14. Output response reacts to change in gain. 

indicates proporţional response to a load upset, and the resulting offset. 
The amount of offset may be calculated from: 


\ % Proporţional Bând A Iir 

Ae - wo m 


(7-5) 


where Ae is change in offset, and AM is change in measurement re- 
quired by load upset. 

From Equation 7-5, it is obvious that, as the proporţional bând 
approaches zero (gain approaches infinity), offset will approach zero. 
This seems logical, because a controller with infinite gain is by defini- 
tion an on-off controller that cannot permit a sustained offset. Con- 
versely, as the proporţional bând increases (gain decreases), propor- 
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tionately more and mo re offset will exist. Offset may be eliminated by 
manually adjusting the bias until the measured variable equals the set 
point. 

Narrow-band proportional-only controllers are often used in non- 
critical, simple temperature loops, such as in maintaining a temperature 
in a tank to prevent boiling or freezing. A low, dynamic gain allows a 
narrow bând to be used. Controllers of this nature are typically field- 
mounted and pneumatically operated. Many noncritical, level-control 
applications having long time constants also use proportional-only con- 
trol. Now let us apply proportional-only control to the level problem 
shown in Figure 7-15. 

Proportional-Plus-Integral Control 

If offset cannot be tolerated, another control mode must be added. 
Integral action will integrate any difference between measurement and 
set point, and cause the controller’ s output to change until the differ- 
ence between measurement and set point is zero. 

The response of a pure integral controller to a step change in either 
the measurement or the set point is shown in Figure 7-16. The control- 
ler output changes until it reaches 0 or 100 percent of scale, or the 
measurement is retumed to the set point. Figure 7-16 assumes an open- 
loop condition where the controller’ s output is dead-ended in a measur- 
ing device, and is not connected to the process. 

Figure 7-16 also shows an open-loop proportional-plus-integral re- 
sponse to a step change. Integral time is the amount of time required to 
repeat the amount of change caused by the error or proporţional action. 
In Figure 7-16, integral time equals t r , or the amount of time required to 
repeat the amount of output change (tj. (Some instrument manufac- 
turers define integral as the inverse of the above, or the number of 
times per minute the amount of change caused by proporţional action is 
repeated.) 

Another way of visualizing integral action is shown in Figure 7-17. 
In this example, a 50 percent proporţional bând is centered about the 
set point. If all element s in the control loop have been properly chosen, 
the controller’s output should be approximately 50 percent. If a load 
upset is introduced into the System, the measurement will deviate from 
the set point. Proporţional response will be immediately seen in the 
output, followed by integral action. 

Integral action may be thought of as forcing the proporţional bând 
to shift, and, hence, causing a new controller output for a given reia- 
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Fig. 7-15. Sample problem: PROPORŢIONAL CONTROL, CALCULATE 
MEASUREMENT. 

Question: What is the level under steady-state control? 

Given: 

Range of level transmitter: 0 to 70 inches 

Level controller: Proporţional only, PB = 75 percent, bias = 50 percent, Set 

Point = 40 inches 

Load, q: Fixed at 3.5 gpm 

Valve: Pressure drop, AP, is constant, Linear characteristic, delivers 6 gpm at 100 
percent stroke. 

Solution: 

1. Under steady state, inflow must equal outflow. 

2. Inflow = ^ 81)111 = 58.3% 

6.0 gpm 

3. Inflow % - Controller output 

m = 58.3% 

. 0 . . . 40 inches _ 

4. Set point = r = =zr-. — r — = 57.1% 

70 inches 

5. Equation (7-4) for proporţional control: 

m = S (r - c) + 50% 

100 

58.3 = (57.1 - c) + 50 

Solving for c: c = 50.9% 

Converting to inches: 0.509 x 70 - 35.6 inches 


tionship between measurement and set point. Integral action will con- 
tinue to shift the proporţional bând as long as a difference exists be- 
tween measurement and set point. Integral action has the same function 
as an operator adjusting the bias in the proportional-only controller. 
The width of the proporţional bând remains constant, and is shifted in a 
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MEASUREMENT 



MEASUREMENT 


CONTROLLER 

OUTRUT 



Fig. 7-16. Output responds to step change in input. 

direction opposite to the measurement change. Thus, an increasing 
measurement signal results in a decreasing output, and vice versa. 

If the controller is unable to retum the measurement to the set 
point, integral action will drive the proporţional bând until its lower 
edge coincides with the set point (see Figure 7-17); hence, a 100 percent 
output. If the measurement should then start to come back within con- 
trol range, it must cross the set point to enter the proportioning range, 
and cause the output to begin throttling. If the system has any substan- 
ţial capacity, the measurement will overshoot the set point, as shown 
on the right side of Figure 7-17. 

This basic limitation is called integral windup. It must be seriously 
considered on discontinuous or batch processes where it is common for 
the controller output to become saturated and overshoot. A pneumatic 
mechanism called a batch switch designed to prevent this overshoot is 
described in Chapter 8. 
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Fig. 7-17, Integral action shifts proporţional bând in reference to difference between 
input signal and set point. 


Integral setting is a function of the dead time associated with the 
process and other element s in the control loop. Integral time should not 
be set faster than the process dead time. If it is set too fast, the control- 
ler’ s output will be capable of changing faster than the rate at which the 
process can respond. Overshoot and cycling will result. An alternate 
definition of integral action is the fastest rate at which the process can 
respond in a stable manner. 

Proportional-plus-integral controllers are by far the most common 
type used in industrial process control. Pneumatic and electronic 
analog, and digital hardware are available with proportional-plus- 
integral action. 

The classical equation or expression for a proportional-plus- 
integral controller is: 


e + { v di 

m = outpuî or valve positioii 
_ 00 

%PB ~ gain 

e = error (deviation) 

R = integral time 


!(X> 

%PB 


(7-6) 


If you compare this equation with Equation 7-4, the proportional- 
only expression, you will find the bias term replaced by the integral 
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term. In operation, then, the output of this controller will continuously 
change in the presence of an error signal. Once the error has been 
reduced to zero, the output will stop changing and stay fixed until an 
error redevelops. At this time, the output again will change in such 
direction as to eliminate the error once again. 

Adding Derivative (Rate) 

In controlling multiple-capacity processes, a third mode of Controls is 
often desirable. * 

By definition, derivative is the time interval by which derivative 
action will advance the effect of proporţional action on the final 
operator. It is the time difference required to get to a specified level of 
output with proportional-only action as compared to proportional- 
plus-derivative action. Figure 7-18 illustrates derivative response to a 
ramp change, where ta equals the controller’ s derivative time. 

Derivative action occurs whenever the measurement signal 
changes. On a measurement change, derivative action differentiates the 
change and maintains a level as long as the measurement continues to 
change at the given rate. Under steady-state conditions, the derivative 
acts as a 1 to 1 repeater. It has no influence on a controller’s output. By 
reacting to a rate of input change, derivative action allows the control- 
ler to inject more corrective action than is initially necessary in order to 
overcome system inerţia. Temperature presents the most common ap- 
plication for derivative. Derivative action should not be used on pro- 
cesses that are characterized by predominant dead times, or pfocesses 
that have a high noise content, that is, high-frequenCy extraneous sig- 
nals such as are present in the typical flow application. 



Fig. 7-18. Derivative action increases rate of correction. 
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The equation or expression for the proportional-plus-integral-plus 
derivative controller is: 

m= ^[ e+ ^S edt+D ^] (7 ’ 7) 

where: 

e = error 
R = integral time 
D = derivative time 

Question: How long will it take for the output to change 5 percent if 
the measurement remains constant? 

Given: 

Proporţional bând = 50 percent 
Integral time = 3 minutes 
Derivative time = 3 minutes 
Set point = 45 percent 
Measurement = 35 percent 
Control action: increase-decrease 

Solution: 

1. Error stays constant, therefore no output change due to derivative. 

2. No output change due to proporţional action. However, the propor- 
ţional action affects the integral response. 

3. Error = r - c = 45% - 35% = 10% 

4. R = 3 minutes = time to change an amount equal to the error 

5. Because the proporţional bând — 50%, the output in Step 4 is mul- 

tiplied by pg = 2 - 

Therefore 2(10%) = 20% change in 3 minutes 
or 

5% change in 3 A minute. 

Selecting the Controller 

Now that the variety of available control modes has been described, 
the next logical question is: which should be selected to control a 
particular process? Table 7-1 relates process characteristics to the 
common control modes. Let us apply the chart to the heat exchanger 
process. 

The heat exchanger acts as a small-capacity process; that is, a 
small change in steam can cause a large change in temperature. Accu- 
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Table 7-1. Process Characteristics 


Control 

Mode 

Transfer 

Lag 

Dead 

Time 

Capaci - 
tance 

Reaction 

Rate 

Load 

Changes 

Seif- 

Regulation 

On/Off 

Min 

Min 

High 

Slow 

Any 

— 

Floating 

Small 

Min 

Low 

High 

Slow 

Must have 

Prop. 

Small 

Small 

Moderate 

Slow 

Slow 

Small 

— 

Prop. + 
Integral 

Moderate 

Moderate 

Moderate 

Any 

Any 


Prop. + 
Integral + 

Any 

Any 

Any 

Any 

Any 



Deriv. 


rate regulation of processes such as this calls for proporţional rather 
than on/off control. 

Variations in water rate cause load changes that produce offset, as 
described previously. Thus, the integral mode should also be used. 

Whether to include the derivative mode requires additional investi- 
gation of the process characteristic. Referring to the reaction curve (Fig- 
ure 7-19), notice that the straight line tangent to the curve at the point 
of inflection is continued back to the 150°F (starting) le vel. The time 
interval between the start of the upset and the intersection of the tan- 
genţial line is marked T A (in Figure 7-12, this was dead time); the time 
interval from this point to the point of inflection is T B . If time T B 
exceeds time 7^, some derivative action will prove advantageous. If T B 
is less than T A > derivative action may lead to instability because of the 
lags involved. 




Fig. 7-19. The process reaction curve is obtained by imposing a step change at input. 
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Table 7-2. 



The reaction curve of Figure 7-19 clearly indicates that some de- 
rivative action will improve control action. Thus a three-mode control- 
ler with proporţional, integral, and derivative modes satisfies the needs 
of the heat exchanger process. Table 7-2, as applied to this problem, 
will yield the same result. 

Questions 

7-1. With adequate gain and inphase feedback. any system will: 

a. Drift c. Increase amplitude 

b. Oscillate d. Degenerate 

7-2. The natural frequency at which a closed-loop system will cycle depends 
upon: 

a. The amplifier gain 

b. The attenuation provided by the process 

c. The phase shift provided by the resistance-capacitance and dead time 
networks that exist in the system 

d. Resonance 

7-3. The Bode diagram describes: 

a. Gain and phase shift through the usable frequency range 

b. The system's linearity 

c. The reaction to a step change 

d. The recovery curve that will result from a load change 

7-4. AII systems may be assumed to be: 

a. Linear 

b. Nonlinear 
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c. Linear for the purpose of iniţial consideration but with full knowledge 
that this may not be the case 

d. Nonlinear for purposes of analysis with the exception that the system 
may prove to be linear 

7-5. A closed-loop control system that employs a three-mode controller: 

a. Can oscillate or cycle at only one frequency 

b. Can oscillate or cycle at several frequencies. depending on controller 
adjustment 

c. Will not oscillate because of the stability provided by derivative 

d. Will produce only damped oscillations with a 0.25 damping ratio 

7-6. We have a closed-loop control system which is cycling. We should: 

a. Increase the proporţional bând c. Check and adjust both 

b. Increase integral action d. Immediately shut it down 

7-7. A proporţional controller is being used to control a process, and the 
offset between set point and control point must be held to a minimum. This 
would dictate that the proporţional bând: 

a. Be as narrow as possible 

b. Be as wide as possible 

c. Be of moderate value 

d. Does not reiate to the problem 

7-8. The system gain of the closed-loop control system: 

a. Refers to the process gain 

b. Refers to the gain of the measurement and control devices 

c. Refers to total gain of all components, including measurement, con- 
troller, valve operator, valve, and process 

d. Relates only to the gain of the controller 

7-9. If a closed-loop control system employs a straight proporţional 
controller and is under good control, offset: 

a. Will vary in magnitude 

b. Will not exceed one-half of the proporţional bând width 

c. Will exceed the deviation 

d. Is repeated with each re set 

7-10. Any closed-loop system with inphase feedback and a gain of one or 
more will: 

a. Degenerate c. Exhibit a 0.25 damping ratio 

b. Cycle or oscillate d. Produce square waves 

7-11. How long will it take for the output to change 5 percent if the 
measurement remains constant? 

Given: 

Proporţional bând = 50 percent 
Integral time = 3 minutes 
Derivative time = 3 minutes 
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Set point = 45 percent 
Measurement = 35 percent 
Control action = increase/decrease 

7-12. If a closed-loop control system is adjusted to produce a 0.25 damping 
ratio when subjected to a step change, the system gain is: 

a. 0. 1 c. 0.5 

b. 0.25 d. 1.0 


7-13. A straight proporţional controller is employed to control a process. 
Narrowing the proporţional bând will: 


a. Not change the offset 

c. Always cause cycling 

b. Decrease the offset 

d. Never cause cycling 

7-14. The type of process that most often can benefit from derivative is: 

a. Flow 

c. Temperature 

b. Level 

d. Pressure 

7-15. Pure dead time in a process contributes a gain of: 

a. Zero 

c. Depends upon dynamics 

d. Infinite 

d. One 

7-16. Referring to Figure 7-5, the transmitter spân is 200°F; the controller 
proporţional bând is adjusted to 150 percent; the equal percentage valve 
delivers saturated steam containing 40,000 Btu per minute at full open; and 
water enters the exchanger at 50°F and is heated to 200°F at a 40 gpm 
maximum flow rate. The static gain of this control loop is approximately: 

a. 0.5 

c. 1.5 

b. 1.0 

d. 2.0 

7-17. If the flow rate of heated water in Problem 7-16 is reduced to 5 gpm, 

you would expect the gain to: 


a. Increase 

b. Decrease 

c. Re mai n the same 

7-18. The integral control mode is: 


a. Phase-leading 

c. Inphase 

b. Phase-lagging 

d. Phase-reversing 

7-19. The derivative control mode is: 


a. Phase-leading 

c. Inphase 

b. Phase-lagging 

d. Phase-reversing 

7-20. The most common combination of control modes found in the ty picai 

process plant is: 


a. Proportional-only 

b. Proporţional, integral, and derivative 

c. Proportional-plus-integral 

d. On/off 





Pneumatic Control Mechanisms 


The basic pneumatic control mechanism is the flapper-nozzle unit. This 
unit, with amplifying relay and feedback bellows, is a simple, rapid- 
acting control mechanism. 

The basic pneumatic mechanism converts a small motion (position) 
or force into an equivalent (proporţional) pneumatic signal. Since 
pneumatic Systems may use a signal of 3 to 15 psi (20 to 100 kPa) (3 psi 
or 20 kPa at 0 percent and 15 psi or 100 kPa at 100 percent scale), the 
instrument must have the ability to convert a position or small force 
into a proporţional pneumatic spân of 12 psi (3 to 15 psi or 20 to 100 
kPa). 


The Flapper-Nozzle Unit 

Figure 8-1 shows the principie of the flapper-nozzle device. Input air 
(regulated at 20 psi or 138 kPa) is fed to the nozzle through a reducing 
tube. The opening of the nozzle is larger than the tube constriction. 
Hence, when the flapper is moved away from the nozzle, the pressure 
at the nozzle falls to a low value (typically 2 or 3 psi, or 10 or 20 kPa); 
when the flapper is moved close to the nozzle, the pressure at the 
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Fig. 8-1. Flapper-nozzle is the basic pneumatic control element. Flapper can be 
positioned by temperature (as shown), pressure element, or any sensor. 


nozzle rises to the supply pressure (20 psi or 138 kPa). Flapper move- 
ment of only a few thousandths of an inch (Figure 8-2) produces a 
proporţional pneumatic signal that may vary from near zero to the 
supply pressure. Some pneumatic control mechanisms use the air at the 
nozzle (nozzle pressure) to operate a control valve. 

The simple flapper-nozzle unit shown in Figure 8-1 has several 
basic limitations. The output air must all come through the input con- 
striction if it is used directly to operate a control valve. Hence, the 
output pressure can change only slowly, causing sluggish action. Just 
as the rate of increase in pressure is limited by the input constriction, 
the rate of decrease in pressure is similarly limited by the slow rate of 
air passage through the nozzle to the atmosphere. 



Fig. 8-2. Flapper need move only a few thousandths of an inch for full range of output 
(nozzle) pressure. 
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Also, the measuring element that positions the flapper must be 
strong enough to overcome the blast of air leaving the nozzle. Since 
many measuring sensors are relatively low-force elements, they could 
not be used to position the flapper accurately and positively if the 
nozzle were made large enough to pass suflficient air to overcome this 
limitări on. 

A second limitation is that the flapper moves only a few thou- 
sandths of an inch for complete action from minimum to maximum noz- 
zle pressure. This small travel for a change in output from zero to full 
value makes the entire element susceptible to vibration and instability. 

AII these limitations are overcome by employing (1) a relay, or 
other amplifier, which amplifies the nozzle pressure; and (2) a feedback 
system which re positions the flapper or nozzle. 

Valve Relay or Pneumatic Amplifier 

Figure 8-3 shows a relay connected to a nozzle. The nozzle pressure is 
applied to the pneumatic relay, which contains a diaphragm operating a 
small ball valve. Because the diaphragm has a large area, small 
pressure changes on its surface result in a significant force to move the 
ball valve. The ball valve, when open, permits the full air supply to 
reach the output; when closed, it permits the nozzle pressure to bleed 
to atmosphere. 

If the flapper position is changed with respect to the nozzle, the air 
pressure acting on the relay diaphragm changes and either opens or 
closes the relay ball valve, thus either increasing or decreasing the flow 
of supply air, which now can flow directly from the supply to the 
output, overcoming the first deficiency (slow action) of the flapper noz- 
zle. 

The relay is often called a pneumatic amplifier because a small 



Fig. 8-3. Relay is an amplifier. That is, small change in nozzle pressure (the input to the 
relay) causes a large change in output pressure (to the control valve). 
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change in nozzle pressure causes a large change in output pressure and 
flow. The pneumatic relay shown in Figure 8-3 (used in the Foxboro 
Type 12A temperature transmitter and the Model 130 controller) 
amplifies the nozzle pressure by a factor of 16; that is, a change in 
flapper position of 0.0006 inch, which produces a change in nozzle 
pressure of 3 A psi, and results in a change of relay output of 12 psi (from 
3 to 15 psi). 

The relay shown in Figure 8-3 increases output pressure as nozzle 
pressure increases. Relays can also be constructed to decrease the 
output pressure as nozzle pressure increases. 

The Linear Aspirating Relay or Pneumatic Amplifier 

Flapper-nozzle detectors employed in the set-point transmitter and de- 
rivative sections of the Model 130 controller use a different type of 
pneumatic amplifier. If the flow or volume output requirements are 
small, an aspirating relay may be employed. The pneumatic amplifier, 
shown in Figure 8-4, makes use of the Venturi tube principie and re- 
sembles a small Venturi tube. With a 20 psi supply, the throat pressure 
of the Venturi can vary 3 to 15 psi or 20 to 100 kPa for a change in 
flapper position with respect to the nozzle of less than 0.001 inch. The 
aspirating relay accomplishes this with almost perfect linearity and 
does not require parts that are subject to wear. This recent develop- 






TO 

FLAPPER / NOZ 


Fig. 8-4. Aspirating cone, showing Venturi tube principie, 
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ment offers advantages over convenţional pneumatic amplifiers, pro- 
vided that a high volume output is not required. 

Proporţional Action 

If a controller had only the units described thus far, ţlapper-nozzle and 
relay, it would only have on/off action. On/off control is satisfactory for 
many applications, such as large-capacity processes. However, if 
on/off action does not meet the control requirements, as in low-capacity 
Systems, the flapper-nozzle unit can easily be converted into a stable, 
wide-band proporţional device by a feedback positioning system that 
repositions the moving flapper. 

An example of a proporţional action mechanism is the Foxboro 
12A pneumatic temperature transmitter (Figure 8-5). This device, 
called a “force-balance pneumatic transmitter,” develops a 3 to 15 psi 
(20 to 100 kPa) output signal proporţional to the measured temperature. 
Thus, it is functionally a proporţional controller. 



Fig. 8-5. Pneumatic temperature transmitter, with tubing and sensor. 
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Figure 8-6 shows the principie of the Model 12A transmitter. The 
forces created by the bellows are automatically balanced as follows. 
When the temperature sensor is subjected to an increase in tempera- 
ture: 

1. The increased temperature expands the gas contained in the sensor 
and increases the force exerted by its bellows. This increases the 
moment of force, tending to rotate the force bar clockwise. 

2. The flapper now approaches the nozzle and the nozzle pressure 
increases. This pressure is applied to the pneumatic relay (Figure 
8-3), increasing its output and the pressure applied to the feedback 
bellows, thus increasing the counterclockwise moment of force 
sufficiently to restore the force bar to equilibrium. 

The force bar (flapper) is now repositioned slightly closer (less than 
0.001 inch) to the nozzle, and the output pressure has reached a new 
le vel linearly related to the measured temperature. 

In the actual unit, two additional forces act on the force bar. One is 
that applied by the zero elevation spring. Adjustment of this spring 
determines the constant force it adds to that supplied by the feedback 
bellows. This allows a given spân of temperature measurement to 
be raised or lowered. The other force is applied by the ambient- 
temperature- and barometric-pressure-compensating bellows. This 
force compensates for ambient temperature or atmospheric pressure 
changes acting on the gas-filled thermal system, thus minimizing errors 
caused by these changes. 



Fig. 8-6. Principie of pneumatic temperature transmitter. Forces created in bellows are 
balanced. 
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Fig. 8-7. General purpose controller. 

The Model 12A temperature transmitter produces an output pro- 
porţional to measurement and is a proporţional control mechanism. 
However, a useful general purpose controller should incorporate addi- 
tional modes, and also have the ability to adjust the parameters of the 
mechanism along with other convenient features. For these reasons the 
unit described, although a proporţional controller, is used primarily as a 
transmitter to send an input signal to a general purpose controller (such 
as the 130 Series), as shown in Figure 8-7. 


Control Mechanism Requirements 

A control mechanism should be able to control the process and ease the 
job of the operator. To achieve these goals, it must meet the following 
requirements: 

1. The required control modes must be available and easily adjustable 
through the required range. 
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2. The controller should have an easily adjusted set point. 

3. The mechanism should clearly display what is going on for the 
benefit of the operator. 

4. It should be convenient for the operator to switch over to manual 
control either for the purpose of operating the process manually 
during startup or in other unusual situations, or to perform mainte- 
nance or adjustments on the automatic control unit. 

5. After manual operation, it should be a simple matter to switch back 
to automatic control smoothly without shocking or bumping the 
process. 

6. If for any reason the unit requires maintenance or adjustment, it 
should be simple to remove it for this purpose without interfering 
with the process. 

7. In many situations, it may also be convenient and practicai to have 
a continuous record of the controller variable and an alarm system 
to signal the operator when some predetermined limit is exceeded. 
Figure 8-8 shows the complete Model 130 controller in block dia- 
gram form. 

The total control mechanism consists of the following funcţional parts: 

1. A set-point unit that produces a 3 to 15 psi or 20 to 100 kPa 
pneumatic signal to be fed into the controller mechanism. This unit 
is generally located within the controller, but it may be remote. 

2. The derivative unit that acts directly on the measurement signal. 

3. The automatic controller itself — headquarters for the control ac- 
tion. 

4. The manual control unit, which performs two functions — switching 
from automatic to manual and from manual to automatic, and 
manual adjustment of the control valve (regulated variable). 

5. The automatic balancing unit, consisting of a simple floating con- 
troller through which the operator can switch from automatic to 
manual and back without any balancing adjustments and yet with- 
out causing a bump or sudden valve change. 

6. A measurement indicator that displays with pointers and scale the 
measurement being fed into the controller, and the set point. 

7. An output indicator — a display of controller output that may be 
interpreted in terms of valve position. 

The Automatic Controller 

Figure 8-9 develops the mechanism of a proporţional controller in 
schematic form. This controller, like the Model 12A shown in Figure 
8-7, has measurement and feedback bellows and a flapper-nozzle relay 
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Fig. 8-8. Block diagram of Foxboro pneumatic Consotrol 130M controller. 

unit. The basic added features are a set bellows, which permits adjust- 
ment of the set point; and an integral (R) bellows. 

In the actual Model 130 controller (Figure 8-10), a floating disk acts 
as the flapper of the flapper-nozzle system. The resultant moments of 
force due to the four bellows determine the position of the disk with 



* ° OUTPUT 


Fig. 8-9. Schematic development of proporţional controller. 
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Fig. 8-10. Control unit with floating disk flapper nozzle. 


respect to the nozzle. Therefore, the relay output pressure varies with 
changes in pressure in any of the bellows. The mechanism is aligned to 
produce a midrange output of 9 psi (60 kPa) when the error signal is 0. 
This is called bias. 

The width of the proporţional bând is adjusted by the position of 
the proportional-band-adjusting lever. (The term gain is also used in 
place of proporţional bând. Gain is the reciprocal of proporţional 
bând.) This lever positions the fulcrum about which the moments of 
force created by the pressure in the four bellows act. These moments of 
force tilt the floating disk upward or downward, thereby causing a 
change in nozzle pressure. The result is an increased or decreased 
output pressure from the controller. This output pressure, which is 
proporţional to changes in measurement or set pressure, acts to reposi- 
tion the control valve, thus influencing the process and bringing about a 
change in the measurement bellows to establish a new equilibrium in 
the system. 
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Derivative and Integral 

The general purpose controller needs derivative and integral action, as 
described in Chapter 1. These are added to the pneumatic controller. 
The derivative function is added to the measurement signal before it 
reaches the controller (block 4, Figure 8-8). This eliminates derivative 
response to set-point change and practically eliminates any interaction 
between derivative and the other control modes. 

During steady-state conditions, the unit acts as a 1 : 1 repeater, but 
upon a change in the measurement the unit adds a derivative influence 
to the measurement change. 

In the derivative unit (Figure 8-11), the force moment (bellows area 
times distance from fulcrum) of bellows A is 16 times that of bellows B, 
and the force moment of bellows B plus bellows C equals that of bel- 
lows A. As the measurement signal increases, the immediate change in 
feedback pressure in B is 16 times the change in pressure in bellows A. 
Simultaneously, air starts to flow through the res trie tor to bellows C, 
gradually reducing the pressure needed in bellows B to restore equilib- 
rium. Thus, the output of the derivative unit, which is the signal to the 
automatic control unit measurement bellows, reflects the change in 
measurement plus a derivative response added to that change. The 
graph at the bottom of Figure 8-11 shows the signal that the measure- 



Fig. 8-11. Derivative unit, schematic diagram and response curve. 
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ment bellows in the automatic control unit receives from the derivative 
unit at the measurement change shown. 

The integral function takes place within the automatic control unit 
itself. The integral bellows opposes the feedback bellows; thus, if the 
feedback bellows introduces negative feedback, the force created by 
the feedback bellows will act like positive feedback; that is, it tends to 
move the flapper in the same direction as error. This would lead to 
instability if the integral restriction were not used. Only very slow 
signals (minutes in duration) can affect the integral bellows because of 
the very small integral restriction. The integral action occurs only after 
the proporţional and rate actions have affected the process. If an error 
remains (such as offset due to load change), the integral action takes 
place slowly. Because integral action will continue in the presence of a 
continuous error, such as we may find in a batch process, it can cause 
the output to go to an extreme. This is called integral windup. 

Integral time is adjusted by setting an adjustable restrictor, or nee- 
dle valve. The dial on this pneumatic valve is calibrated in minutes of 
integral time. 

Figure 8-12 illustrates the Foxboro Model 130 controller. The con- 
trol modes — proporţional, integral, and derivative — are in the control- 
ler shown. The signal level with respect to time may be changed by 
appropriate adjustments of proporţional, integral, and derivative 
modes. The proporţional bând adjustment is calibrated from 5 to 500 
percent, while the integral and derivative dials are calibrated from 0.01 
to 50 minutes. These adjustments are calibrated in “normal” times. 
The effective times are somewhat different. 

In any controller, some interaction between control actions may 
exist because change in one action (proporţional, integral, or deriva- 
tive) can create change in the others. This unavoidable interaction, 
even if small, should be kept in mind when adjusting or tuning a control 
Ier. 

Manual Control Unit 

Manual operation is achieved by using the manual control unit shown 
schematically in Figure 8-13 and depicted in Figure 8-14. With the 
transfer switch in the manual position, the thumbwheel is engaged, and 
by its action the flapper-nozzle relationship governs the pneumatic out- 
put. The operation of the manual control unit is similar to that of any 
pneumatic transmitter in that it employs a feedback bellows. Full-scale 
manipulation of the thumbwheel corresponds to a 3 to 15 psi (20 to 100 
kPa) pneumatic output. 
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Fig. 8-12. Pneumatic Consotrol 130M controller. (7bp) right side cover removed and 
manual Controls. ( Bottom ) the left side cover is removed to show pneumatic printed 
circuit board. 


Transfer 

Automatic to Manual 

With the transfer switch in the automatic position, the thumbwheel in 
the manual control unit is disengaged and the automatic controller’ s 
pneumatic output is fed into the manual control unit bellows. The man- 
ual control unit remains balanced at this output. At the time of transfer 
to manual, the manual unit instantly starts transmitting this same out- 
put. Thus, the response record of the transfer from automatic to man- 
ual (Figure 8-15) is smooth and bumpless. 

Manual to Automatic 

The transfer from manual to automatic requires the use of an 
automatic-balancing unit, which consists of a single-pivoted diaphragm 
with four air pressure compartments. This is shown in schematic form 



Fig. 8-13. Schematic of manual control unit. 
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Fig. 8-14. Manual control unit. 
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Fig. 8-15. Response record of transfer ffom automatic to manual. 
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in Figure 8-16. At the left, the unit is in the automatic position; at the 
right, it is in manual. It will act as a simple proporţional controller with 
a fixed proporţional bând of approximately 30 percent. The basic prob- 
lem in transferring from manual to automatic lies in the fact that the 
output of the automatic controller must equal that of the manual unit at 
the moment of transfer, and then a change at a predetermined integral 
rate is necessary to bring the measurement to the set point. The output 
of the manual station is the control unit’s output. Full air supply is sent 
to the three pneumatic switches, closing two and opening one, as 
shown in Figure 8-16. 

The proporţional bellows of the automatic control unit is discon- 
nected from the output of the controller. The integral restrictor is 
bypassed, and the integral bellows is disconnected from the propor- 
ţional bellows. The input signals to the automatic balancing unit shown 
represent the automatic control unit proporţional bellows pressure in 
bellows D, and the manual control output in bellows A. Bellows B is 
the balancing pressure and bellows C is the output to the integral bel- 
lows. 

If either the measurement or the set point to the automatic control 
unit changes, the pressure in the proporţional bellows must also 
change, because it is operating as a proportional-only control unit. 
When the change in pressure in the proporţional bellows is sensed by 
the balancing unit, the unit’s output will change the pressure in the 
controller’s integral bellows. This, in turn, will cause the proporţional 
bellows pressure to change in the opposite direction until it once again 
equals the output of the manual control relay, or until the supply 
pressure limits are reached. 

Any difference between the set and measurement bellows is thus 
balanced by the diflference between the integral and proporţional bel- 
lows. 

If the output of the manual control unit changes, a similar action 
occurs, forcing the proporţional bellows pressure to equal the manual 
control unit output. 

When transferring from manual to automatic (Figure 8-17), the 
output will remain at the level determined by the operator when the 
controller is in manual. If the measurement input is equal to the set 
point, the output remains constant until corrective action is required. If 
the measurement does not equal the set point at the moment of transfer, 
the output will ramp from the level of manual operation to the level 
necessary to make the measurement equal to set point a function of the 
controller’s integral rate. 
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Fig. 8-16. Schematic of auto-manual mechanism with transfer switch in automatic 
position ( above ) and manual position ( opposite page). 


Set Point 

The set-point knob is attached to a pneumatic transmitter, which re- 
lates the transmitter’ s output position of the set-point pointer (Figures 
8-18 and 8-19). The output of the transmitter is applied to the set bel- 
lows of the controller. If the automatic controller is operating, normal 
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changes can be made by turning the set-point knob. Proportional-plus- 
integral action will occur. Since the derivative amplifier exists only in 
the measurement circuit, derivative action will not occur. If it is desired 
to bring the process slowly to the new set point with integral action 
only, the controller is simply switched to manual, the set-point change 
is made, and the controller is switched back to automatic. Now the 
measurement will approach the new set point, with integral action only, 
and no overshoot will occur. 
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Fig. 8-17. Transfer from manual to automatic (left) when measurement equals set point 
and (right) when measurement does not equal set point. 



Fig. 8-18. Foxboro pneumatic Consotrol 130M controller pulled out to show 
access-to-mode adjustments. 
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Fig. 8-19. Schematic of local and remote set-point mechanisms. 


The Closed-Loop Pneumatic Controlled System 

Now let us apply the pneumatic controller to a process control loop. 
The objective of a control system is to maintain a balance between 
supply and demand over time. (See Chapter 1 for a discussion of supply 
and demand.) The closed-loop control system achieves this balance by 
measuring the demand and regulating the supply to maintain the de- 
sired balance. 

Figure 8-20 illustrates a typical and familiar controlled system in 
which the temperature of heated water (controlled variable) is regu- 
lated by control of input steam. The control system comprises a 



224 PNEUMATIC AND ELECTRONIC CONTROL SYSTEMS 


IIPULATED VARIABLE1 


♦ 



SURPLT COLO 

WATin 


Fig. 8-20. The process to be controlled occurs in a heat exchanger. AII elements of the 
pneumatic control system are shown — transmitter, controller, valve, input water, 
output water, and steam. 

pneumatic temperat ure transmitter (Foxboro Model 12A), a force- 
balance pneumatic controller (Foxboro 130 Series), a pneumatic (dia- 
phragm) valve actuator, and a control valve (wide-range V-port). 

Figure 8-21 shows an accepted manner of representing a system in 
a block diagram. AII the elements of the actual system are included. 
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Fig. 8-21. Block diagram showing all the elements of Figure 8-20. 
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The Process 

The process to be controlled is a shell-and-tube heat exchanger. Low- 
pressure steam applied to the shell heats water flowing through the 
tubes. The exchanger has 33.5 square feet of heat-transfer surface, and 
the time required for the heat exchange to take place across this sur- 
face causes the exchanger to have a delayed response. The response 
characteristic is that of a multiple-capacitance, multiple-resistance 
circuit. ' 

The response or reaction curve of the heat exchanger was 'obtained 
by (1) allowing the heat exchanger to stabilize with a constant flow of 
both steam and water, (2) holding the water flow constant, (3) increas- 
ing the steam flow suddenly by opening the control valve, and (4) 
plotting the increase in water temperature. The resulting curve is the 
reaction curve illustrated in Figure 8-22. ' 

Since the water temperature was measured with the pneumatic 
temperature transmitter, the transmitter output depends not only on the 
response of the heat exchanger, but also on the response of the trans- 
mitter, which is not instantaneous. 

The Controller Set Point 

The set point of the controller is established by setting an air pressure 
in a “set” bellows by means of an air regulator. The setting dialfFigure 
8-23) is spread over the spân of the measured (controlled) variable. 



Fig. 8-22. Response of outlet temperature to steps in steam valve position test results. 
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Fig. 8-23. Schematic of set-point mechanism. 


Valve and Actuator 

The controller output positions a control valve which, in turn, govems 
the energy or material inflow to the process. The speed of response of 
the valve depends on the type of valve actuator, that is, the device that 
transduces the controller output signal into a valve position. 

The actuator can be pneumatic or electric. The system under study 
uses a familiar pneumatic actuator, which consists of a large diaphragm 
(110 square inches) to which the pneumatic signal iS' applied. When 3 
psi (20 kPa) is applied to an area of 110 square inches, a force of 330 
pounds is developed; when 15 psi (100 kPa) is applied, the thrust will be 
1,650 pounds. This downward diaphragm force is opposed by a large 
coil spring that pushes upward with a force of 330 to 1,650 pounds. 
Increasing or decreasing the pneumatic signal to the diaphragm will 
cause the diaphragm to move until it reaches a position where dia- 
phragm force and spring force are in equilibrium. Since the reiaţi onship 
between spring thrust and excursion is a linear one (Hooke’s law), 
valve travel is related linearly to controller output. 

Valve actuators may be arranged either to open the valve or close it 
on increasing air pressure. The choice of action is usually dictated by 
the process being controlled. For a heat exchanger process, the air-to- 
open valve usually is selected because the spring will close the valve 
and cause the temperature to drop in event of air failure. This is called 
fail-safe action. If the process were one that became hazardous when 
the valve closed, the action would be reversed to make the valve open 
on air failure. 

The valve actuator has a response time because it has the capacity 
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to hold air and the connecting tubing offers resistance to air flow. The 
time constant for a pneumatic operator is typically several seconds 
with normal lengths of connecting tubing. Adding tubing lengthens the 
time constant. Thus, the valve actuator contributes time lag or phase 
shift to the control loop, depending on the length of connecting tubing 
used. 

Final Control Element 

The function of the pneumatic valve actuator is to position the control 
valve. The valve can be one of many types, depending upon the process 
to be controlled. For the heat exchanger process being discussed, a 
single-seat wide-range equal percentage valve is used (Figure 8-24). 

The single-seat equal percentage valve has a contoured inner valve 
that provides an exponenţial relationship between valve stroke and 
valve capacity. 



Fig. 8-24. Cutaway view of single-seat, wide-range, equal percent valve. 
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Fig. 8-25. Closed-loop control system, showing all basic components. 


Dynamic Behavior of Closed-Loop Control Systems 

When all components are connected to form the closed-loop control 
system (Figure 8-25), each component contributes to control system 
operation. For example, the total gain (output signal/input signal) is 
affected by the gain of every one of the loop components. However, the 
only loop component that has an adjustable gain is the controller. Ad- 
justment of the proporţional bând results in adjustment of the total loop 
or system gain. 

Let us assume that the control system has stabilized with the out- 
flow temperature at 150°F, 66°C and that the system is subjected to an 
upset by raising the set point suddenly to \6(FF (71°C). 
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The action around the control loop (Figure 8-26) will be as follows: 
!• Increasing the set point increases air pressure in the set bellows, 
thereby causing the flapper to approach the nozzle. 

2. Increased nozzle pressure is amplified and becomes output to the 
control valve. Because the valve actuator is a resistance- 
capacitance element, the actual change in valve position will be 
delayed behind the change in output signal. 
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3. The added heat (Btu) will be nearly in step or phase with the valve 
position. 

4. The added heat causes the temperature of the heat exchanger to 
rise, and as it rises, the pressure in the measurement bellows will 
increase. 

5. Any unbalance of the moments of force contributed by the mea- 
surement and set bellows will cause the integral bellows to con- 
tinue to change through the integral restricter, and the output 
pressure to increase until the temperature reaches the set point. 
The moments of force are now balanced, and the flapper is within 
its throttling range (a bând of travel less than 0.001 inch wide). 

6. After approximately 2 minutes have elapsed, the forces exerted by 
the various bellows will be in equilibrium; the flapper is within its 
throttling range; and the process has stabilized at 160°F, 71°C. 
These steps are illustrated in Figure 8-26. 

(Note: If the upset were caused by a load change, derivative action 
would have been added to the functions described.) 

Adjusting the Controller 

To accomplish effective control and cause the process to react in an 
optimum fashion, the controller behavior, with respect to time, must be 
matched to that of the process. This is done by adjusting the propor- 
ţional bând, integral time, and derivative time. 

Tuning or adjusting the controller for optimum performance can be 
achieved either by trial-and-error, or by more exacting methods. The 
usual trial-and-error procedure in adjusting the controller settings to 
the process conditions is to set the integral restrictor at maximum and 
the derivative restrictor at minimum, and then to adjust the propor- 
ţional bând to produce the minimum process stabilization time. Then 
the derivative restrictor is increased gradually, and the proporţional 
bând narrowed, until a combination of proporţional and derivative ac- 
tion is obtained which produces a shorter stabilization time than normal 
proporţional, and with less upset to the process. 

To eliminate offset, the integral restrictor is then set to a value that 
will bring the control point to the set point in a minimal time without 
upsetting the stability of the System. 

Other methods of adjustment by mathematical and analog analysis 
are discussed in Chapter 12. 

Suppose a set point of 20 percent scale change is made in the 
Foxboro 130 Series controller with the controller on automatic. Note 
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Fig. 8-27. Controlled set-point change made in automatic mode {top) and in manual mode, 
then switched to automatic ( bottom ). 


the damped oscillations that occur as the System restabilizes (Figure 
8-27, top). The instability lasts for several minutes. If the controller is 
first switched to manual for the set-point change, a reaction will occur 
when switched back to automatic. This is shown in the lower part of 
Figure 8-27 and discussed previously. The controlled variable retums 
to the new set point at the integral rate. Any adjustments tend to cause 
a temporary upset; therefore, the technique of switching to manual, 
making any required adjustments and switching back to automatic, can 
be used to advantage with the Foxboro 130 Series controller. 


Batch Controller 

In Chapter 7, reference was made to integral saturation or integral 
windup. This occurs when the integral mode is used on a batch or 
discontinuous process. During the time the process is shut down, the 
integral circuit of a convenţional two- or three-mode controller will 
saturate at the supply pressure. 

After the process is restarted, measurement overshoot of the set 
point can occur unless precautions are taken. The batch switch is a 
special pneumatic mechanism designed to prevent this overshoot. 

During the time a process is off control, the measurement will be 
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Fig. 8-28. {Left) Recovery from sustained deviation; proporţional plus integral controller 
without batch feature. ( Right ) With batch feature. 


below the set point and the controller’ s output will be at its maximum 
value. If the time of this deviation is long enough, the integral circuit of 
a convenţional controller will also reach this value. When process con- 
ditions retum to normal, no change in controller output can occur until 
the measurement reaches the set point. Figure 8-28, curve A illustrates 
this control action. 

The batch switch eliminates this integral circuit saturation and 
conditions the integral bellows to permit output to start to change 
before the measurement reaches the set point. If the controller output 
starts to change before the measurement reaches the set point, over- 
shoot can be prevented and the measurement can retum to the set point 
smoothly. Figure 8-28, curve B illustrates this control action. 

Principie of Operation 

A schematic diagram of a proportional-plus-integral batch controller is 
shown in Figure 8-29. The only addition to a convenţional two-mode 
controller is a specially designed pressure switch between the relay 
output and the integral circuit. 

The switch is actuated by the output pressure of the controller 
relay. Its trip point is adjusted by a spring, or an externai pneumatic 
signal, to trigger at 15 psi (100 kPa). When the controller’s output is 
below this pressure, the ball valve closes the vent port and permits 
passage of the relay output to the integral circuit. This allows normal 
integral response as long as the measurement remains within the pro- 
porţional bând (below 15 psi or 100 kPa). Should the measurement 
reach the 15 psi or 100 kPa limit of the proporţional bând throttling 
range, the force on the batch switch diaphragm will seat the ball valve 
in the opposite direction. This cuts off the relay output pressure to the 
integral circuit and simultaneously vents the circuit to the atmosphere. 
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Fig. 8-29. Schematic of proporţional- plus-integral batch controller. 


This causes the pressure in the circuit to drop. As long as the relay 
output pressure is above the trip point, the integral circuit pressure will 
drop until there is no longer any pressure in the integral bellows. At this 
point, the proporţional bând throttling range will have shifted com- 
pletely below the set point as indicated in Figure 8-28B, curve B. Dur- 
ing this operation, the controller’ s output pressure is at 15 psi or 100 
kPa (or more) and the valve is wide open. When the batch process is 
restarted, the control valve will begin to throttle as soon as the mea- 
surement reaches the 15 psi or 100 kPa limit of the proporţional bând 
throttling range. Note that as soon as the controller output drops below 
15 psi or 100 kPa, normal integral response is restored. This overcomes 
the tendency to overshoot the set point. 

Load Bias (Preload) 

Due to the time characteristics of certain processes, shifting the pro- 
porţional bând completely below the set point will cause an intolerable 
delay in bringing the batch to the set point. In such cases, an adjustable 
back pressure may be applied to the vent port to “bias” the batch 
switch. Thus, the pressure in the integral circuit may be prevented from 
dropping below a preselected amount and the proporţional bând throt- 
tling range will shift only partially below the set point. Although this 
will allow faster recovery, a slight overshoot will occur if the “bias” is 
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increased too much. Increasing the bias to 15 psi or 100 kPa would 
obviously completely eliminate batch action. 

One limitation that applies to all pneumatic control systems is the 
distance that may be accommodated between components. The maxi- 
mum distance depends on two major fac tors: the pneumatic signal 
travels at the speed of sound, and the loop components along with the 
tubing all have capacity and resistance. Thus, an RC time constant 
must exist. Volume boosters often are applied to lengthen this working 
distance. Unfortunately, a volume booster will do nothing to speed up 
signal velocity. A booster will help if a large volume, such as that found 
in a pneumatic valve actuator, is involved. 

The distance limit for pneumatic control systems is approximately 
200 feet (60 meters). If this distance factor is ignored, the dynamics of 
the control System will suffer and result in poor control operation. If it 
becomes necessary to lengthen these distances substantially, the only 
practicai solution is to utilize electrical signals that may work over an 
almost unlimited distance. 

Questions 

8-1. The integrat dial in a pneumatic controller is calibrated in: 

a. Minute s or repeats d. Percentage 

b. Integral units e. Offset 

c. Gain 

8-2. True or false: In a proportional-only controller, if the measurement equals 
the set point the output will equal the bias. 

8-3. True or false: In an integral controller, the rate of change of the output 
is proporţional to the error. 

8-4. True or false: The larger the number on the integral dial the greater the 
effect of the integral action. 

8-5. True or false: In a batch operation, if a controller has wound up, it is 
quite possible that the valve may stay in an extreme position until the 
measurement actually goes beyond the set point before the valve begins to 
change its position. 

8-6. True or false: What some manufacturers caii rate others caii derivative. 

8-7. Indicate all the correct statements: 

a. Gain is the reciprocal of the proporţional bând. 

b. The proporţional bând is the reciprocal of gain. 
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c. The proporţional bând times the gain equals L 

d. The gain divided by the proporţional bând equals 1. 

e. The narrower the proporţional bând, the higher the gain. 

f. The wider the proporţional bând, the lower the gain. 

8-8. In a process controlled by a proportional-plus-integral controller, the 
measurement was at the set point and the output was 9 psi (60 kPa). The 
measurement then quickly decreased to a certain value below the set point 
and leveled out there. The output responded by changing to 8 psi (55 kPa). As 
time progresses, what would you expeet of the output pressure? 

a. Increase to 9 psi (60 kPa) to bring the measurement back to the set 
point. 

b. Remain at 8 psi (55 kPa) as long as the measurement stays where it is. 

c. Decrease and continue to decrease to 3 psi (20 kPa). 

d. Continue to decrease until the measurement reaches the set point, or if 
it does not retum to the set point, decrease to 0 psi. 

8-9. The range of the temperature measuring system used in conjunction 
with a Model 130 proportional-only controller is 0 to 150°F (66°C). The output 
is 9 psi (60 kPa) when the set point and indicator are both at 75°F (24°C). If 
the proporţional bând is 200 percent, what is the output when the 
measurement is 150°F (66°C)? 

a. 9 psi (60 kPa) c. 12 psi (83 kPa) 

b. 3psi(20kPa) d. 15 psi (100 kPa) ' 

8-10. If the spân of a measuring transmitter in a control system is made 
one-half of its value, the proportional-band adjustment in the controller must 
be to maintain the same quaiity of control. 

a. Cut in half d. Narrowed 

b. Doubled e. None of the above. 

c. Squared 

8-11. With a proportional-plus-integral controller, a sustained error will result 
in: 

a. Windup 

b. A fixed offset 

c. A temporary narrowing of the proporţional bând 

d. A delay in the process 

e. None of the above 

8-12. By locating the derivative function in the input measurement circuit, 
which of the following advantages can be realized? 

a. Smooth bumpless transfer 

b. No derivative bump with a set- point change 

c. No proporţional response to a set-point change 

d. Integral adjustment is isolated from response 
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8-13. If proportional-plus-integral control is good, the addition of derivative: 

a. Will anticipate changes and speed up corrections 

b. Will always improve control 

c. Will make the controller adjustments easier to accomplish 

d. May create stability problems in some systems 

8-14. The advantage of adding derivative to a controller is always: 

a. Increased stability 

b. The ability to overcome a big pure dead time lag 

c. The ability to react more quickly to measurement change 

d. A decrease in the pure dead time of the process 

8-15. For fail-safe action the control valve should, upon energy (air) failure: 

a. Open 

b. Close 

c. Move in such direction as to make the process nonhazardous 

d. Stay in its previous position 

8-16. If the closed-loop control system has too much gain, it will cycle. The 
only loop component that has conveniently adjustable gain is the: 

a. Measuring transmitter c. Process 

b. Valve operator d. Controller 

8-17. Adjusting the controller for optimum performance: 

a. Is not required, because it adjusts itself 

b. Requires a special tool 

c. Is usually done by trial and error 

d. Always requires a very involved mathematical analysis of the process 

8-18. A process is to be controlled using an all pneumatic system. The 
maximum distance between loop components will be: 

a. 1,000 feet c. 200 fee t 

b. 500 feet d. 20 feet 

8-19. If the distance between loop components in the all pneumatic control 
system must be increased it will require: 

a. A pneumatic volume booster 

b. Larger sized tubing 

c. Smaller sized tubing 

d. Conversion to an electrical signal 

8-20. Pneumatic signals travel through the signal tubing at: 

a. 100 feet per second 

b. Approximately the speed of sound 

c. A rate that depends on tubing size 

d. Approximately the speed of light 




Electronic (Analog) Control 
Systems 


Electronic control systems, already widely accepted, are gaining rap- 
idly in popularity for a number of reasons: 

1. Electrical signals operate over great distances without contributing 
time lags. 

2. Electrical signals can easily be made compatible with a digital 
computer. 

3. Electronic units can easily handle multiple-signal inputs. 

4. Electronic devices can be designed to be essentially maintenance 
free. 

5. Intrinsic safety techniques have virtually eliminated electrical 
hazards. 

6. Generally, electrical systems are less expensive to install, take up 
less space, and can handle almost all process measurements. 

7. Electronic devices are more energy efficient than comparable 
pneumatic equipment. 

8. Special purpose devices such as nonlinear controllers and analog- 
computing units are simplified. 

This chapter will describe the electronic instrument components 
that make up a typical multiloop system. The process is one found 
within the boiler room of most process plants — a feedwater control 
system for a boiler drum. 


237 
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Feedwater Control Systems 

A sample electronic control system is shown in Figure 9-1. The water 
le vel in the drum is to be controlled. This is accomplished by measuring 
not only the water level, but the steam flow out of the boiler and the 
water flow into the drum. The three measured variables are fed to an 
electronic control system, which Controls the water to the drum. 

Transmitters 

Two differential pressure transmitters (Fig. 9-2) are used, one to mea- 
sure water flow; the other to measure drum water level. 

Referring to Fig. 9-3, in operation the difference in pressure be- 
tween the high and low side of the transmitter body is sensed by a twin 
diaphragm capsule (1) which transforms the differential pressure into a 
force equal to the differential pressure times the effective area of the 
diaphragm. The resultant force is transferred through the C-flexure (2) 
to the lower end of the force bar (3). Attached to the force bar is a 
cobalt-nickel alloy diaphragm which serves as a fulcrum point for the 
force bar and also as a seal to the process in the low-pressure cavity 
side of the transmitter body. As a result of the force generated, the 



Fig. 9-1. Feedwater control system. (1) Drum water level (2) Steam flow from boiler, 
via turbine steam pressure, and (3) Water flow into drum. 





Fig. 9-2. Differential pressure transmitter. 
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Fig. 9-3. Operation of electronic force balance differential pressure transmitter, 
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force bar pivots about the CoNi alloy seal, transferring a force to the 
vector mechanism (5). 

The force transmitted by the vector mechanism to the lever system 
(11) is dependent on the adjustable angle. Changing the angle adjusts 
the spân of the instrument. At point (6), the lever system pivots and 
moves a ferrite disk, part of a differential transformer (7) which serves 
as a detector. Any position change of the ferrite disk changes the out- 
put of the differential transformer determining the amplitude output of 
an oscillator (8). The oscillator output is rectified to a d-c signal and 
amplified, resulting in a 4-20 mA d-c transmitter output signal. A feed- 
back motor (9) in series with the output signal, exerts a force propor- 
ţional to the error signal generated by the differential transformer. This 
force rebalances the lever system. Accordingly, the output signal of the 
transmitter is directly proporţional to the applied differential pressure 
at the capsule. 

Any given applied differential pressure within the calibrated mea- 
surement range will result in the positioning of the detector’ s ferrite 
disk, which, in turn, will maintain an output signal from the amplifier 
proporţional to measurement, thus keeping the force balance in equilib- 
rium. A simplified schematic of the electronic circuitry is shown in Fig. 
9-4. 

Steam flow out of the drum is measured in terms of steam pressure, 
which is measured with a pressure transmitter. The operation of the 
pressure transmitter is similar to the operation of the differential 



Fig. 9-4. Working schematic of electronic transmitter. 
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pressure transmitter. The same feedback technique used in the differ- 
ential pressure transmitter is employed in the pressure transmitter. The 
major difference lies in the size and construction of the sensor. 

The pressure transmitter measures the pressure in the first stage of 
the power turbine. Since there is a linear relationship between first 
stage turbine pressure and steam flow, the output signal from the 
pressure transmitter is linear with steam flow out of the boiler. 

A variety of electronic differential pressure transmitters are avail- 
able from a number of manufacturers. Some of these make use of străin 
gauge detectors, capacitive detectors, resonant wire detectors, and in- 
ductive detectors. Many are motion or open loop devices which are still 
capable of accuracies within a fraction of a percent. In the application 
of any electronic transmitter, the user must guard against subjecting the 
electronics to temperatures which might result in damage. This prob- 
lem generally can be avoided by observing the precautions recom- 
mended by the manufacturer. 


The Controllers 

The controllers described here are the Foxboro SPEC 200 type. The 
SPEC 200 is generally a split-architecture system. In this system two 
areas may be used, a display area and a nest area. Field equipment, 
such as measuring transmitters, electrical valve actuators, and the like, 
generally operates on 4 to 20 mA dc. Within the nest, SPEC 200 oper- 
ates on 0 to 10 volts. 

The display area contains control stations, manual stations, re- 
corders, and indicators to pro vide the necessary operator display s and 
Controls. These units are shelf-mounted and contain only the electronic 
circuitry required to comm unicate the display and adjustments neces- 
sary for an operator to control and monitor a process. 

The nest area contains the analog control, computing, alarm, signal 
conditioning, and input and output signal converter units. These units 
are in the form of “modules” and “circuit cards.” The nest itself is 
basically an enclosure provided for the mounting of “modules.” 

System power is supplied to the nest. This power supply must 
deliver +15 and — 15 V dc for operation of the display and nest- 
mounted instruments. Recorder chart drives and alarm lights require 24 
V ac. 

When a single location is required, the nest and display areas may 
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Fig. 9-5. Basic arrangement of SPEC 200 loop. 

be combined into one unit. In fact, a single-unit controller with display, 
controller cârd, and power supply may be combined into a single case. 
This is called a SPEC 200/SS (single-station) controller. The basic ar- 
rangement of the convenţional SPEC 200 system is shown in Figures 9-5 
and 9-6. In the single-station unit (Figure 9-7), all components shown in 
Figure 9-5 are contained in the single unit. For the boiler drum level 
control, either the single-unit construction or the split system could be 
used. Typically, the choice would be to split the system into nest and 
display areas. This will pro vide added flexibility . The ty picai boiler 
room would have many control loops in addition to the boiler drum 
level. This could all be combined into one nest and display area. 




Fig. 9-6. Display and nest areas. 
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Fig. 9-7. Single station control unit. Electronic display: The measured variable and set 
point are continuously displayed as vertical bar graphs on a dual gas-discharge unit. 

The right-hand bar represents the measured variable; the left-hand bar represents the 
set point. Transparent scales are easily changed without recalibration. 

Whether the controller is nest-mounted or case-mounted, it is es- 
sentially the same controller. Now let us take a closer look at its opera- 
tion. 

Principie of Operation 

A SPEC 200 card-tuned control component consists of a printed wiring 
assembly (circuit cârd) in a module. The component operates in con- 
junction with a control station in the system display area. 

The basic circuits of the proportional-plus-integral-plus-derivative 
control action model is shown in Figure 9-8. This diagram, with the 



Fig. 9-8. Foxboro PID control component circuit diagram. 
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derivative action circuits removed, also applies to the proporţional- 
plus-integral control action. 

The output signal in automatic mode is a function primarily of the 
measurement and set-point inputs. The output and control action are 
also aflfected by the increase/decrease switch on the control component 
and by the manual/automatic switch on the display station. 

Increase/Decrease Switch 

An INC/DEC switch on the front panel provides polarity reversing of 
both the set point and measurement signal inputs. Reversing the polar- 
ity of these input signals effectively reverses the action of the control 
component. With this switch in the INC position, control action is a 
function of measurement minus set point (an increase in output is 
caused by an increase in measurement). In DEC, control action is a 
function of set point minus measurement (a decrease in output is 
caused by an increase in measurement). 

Deviation Signal Generation 

The 0 to 10 V dc measurement and set-point signals are applied to the 
input of differential amplifier U 1 . The amplifier has a gain of 1 and high 
common mode rejection. An output signal is produced by the amplifier 
any time the measurement differs from the set point. 

The output signal from amplifier UI passes through a resistive 
adder to the proporţional bând amplifier as the deviation (error) signal. 
The resistive adder allows combination of the amplifier output with the 
derivative signal (in P + I + D control components). In proportional- 
plus-integral control components, this adder is part of the input resis- 
tance of the proporţional bând amplifier. 

Derivative Action 

When derivative action is included in the control component, the mea- 
surement signal from the INC/DEC switch is applied in parallel to the 
deviation signal generator amplifier and derivative amplifier U5. De- 
rivative action occurs in proportion to the rate-of-change of the mea- 
surement signal. 

Derivative amplifier U5 has a fixed gain of 9. Also included in these 
circuits are integrating amplifer U6 (in the feedback loop of U5) and 
solid-state (J-FET) switch U7. The input network to the integrator 
consists of fixed resistors and a potentiometer. The effective resis- 
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tance, and, hence, the derivative action time, can be controlled by the 
potentiometer. 

Derivative action can be switched off by rotating the derivative 
potentiometer fully counterclockwise. Both derivative and integral 
time constants are adjustable from 0.01 to 60 minutes in three ranges 
(determined by cârd jumper). 

Proporţional Bând Action 

The proporţional bând stage consists of potentiometric amplifier U2 
arranged so that the output is proporţional to the input. The gain of the 
amplifier is determined by the P control on the front panel. 

Final Summing and Switching 

Signal summing and switching is provided at the input of the output 
amplifier by a resistive adder and by solid-state switch U3. 

The externai integral/summing and deviation signals, and also the 
output signal, are connected to the summing junction of the output 
amplifier through separate capacitors and field effect transistors (FET). 
These three signals are connected together through separate resistors 
at a point called the resistor junction. The resistor junction is separated 
from the summing junction by a field effect transistor. 

The field effect transistor is turaed off when the control component 
is in manual mode. This disconnects the deviation signal from the 
summing junction, and connects the dc voltage to the input of the 
output amplifier. Releasing the manual drive thumbwheel from the 
slow change position causes a spring retum to the center position. As a 
result, the FET is tumed off to open the integrating input, and the 
component is placed in the “hold” condition. 

The output stage of the control component is integrating amplifier 
U4. The amplifier drives the composite signal produced by the final 
summing and switching element. 

High and Low Llmits 

High and low limits are established for the 0 to 10 V output signal by 
appropriate circuits. Each limit circuit consists of comparator 
amplifiers Ull and U12 with associated potentiometers, R77 (HI) and 
R87 (LO) on the front panel. The output signal from each comparator 
amplifier is applied to solid-state switch U3. The signal serves as a 
clamp on the manual or automatic signal input to the output amplifier. 
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When summed with either the automatic or manual signal, the com- 
parator amplifier outputs prevent the control component output from 
exceeding the limit reference voltages. 

Test jacks on the front panel allow monitoring of the limit adjust- 
ments for setting. 

Externai Integral (-R) Option 

Differential amplifier U8 is added to the standard control component 
cârd for an externai signal to reset the output. Amplifier U8 accepts 
externai signals and sums them with the control component deviation 
signal. This provides an integral input to solid-state switch U3. 
Anytime the externai integral input and the control component are 
unequal, an error signal is generated. The error signal biases the output 
in proportion to the externai input value, and windup is thus prevented. 
As long as the control component output tracks the externai integral 
signal, normal integral action takes place. The control component out- 
put is biased by the externai integral signal in all other conditions, and 
only proporţional action of the control component deviation signal is 
obtained. This option is used in this application. 

Externai Summing (-S) Option 

Externai summing allows biasing the output directly with an externai 
signal. Differential amplifier U8 is inserted into the “proporţional path” 
solid-state switch U3. The proporţional signal is summed with the ex- 
ternai bias signal in amplifier U8. The control component output re- 
sponds directly to changes in the externai summing signal in addition to 
the ordinary control functions. 

Power Supply Fault Protection Circuit 

This circuit preserves the control component output during short pe- 
riods of power failure. After such a failure, the output will be essen- 
tially at the last value prior to the power failure. 

The maximum duration of the fault condition for which this preser- 
vation will hold is 1 second. In the manual mode, the drift is less than 1 
percent for this 1 second maximum duration. In the automatic mode, 
additional considerations will dictate the control component output if 
the fault is corrected within 1 second. Principally, there can be a new 
measurement signal value when power is restored. This, coupled with 
the tuning adjustments, will determine the output. 
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The power supply fault protection circuit can be bypassed by 
jumper selection. 

Automatic/Manual Switch 

When the automatic/manual switch in the display area is moved to the 
MAN position, dc voltages are applied to the solid-state switch (high 
impedance module U3). This affects the circuitry in two ways. First, 
the output amplifier is disconnected from all “automatic” signals, and 
the output remains at the last value. Second, the output amplifier is 
connected to dc voltages that cause a ramp up or ramp down output. 
Releasing the manual drive (thumbwheel) will cause a spring retum to 
center position, thereby opening a J-FET switch on the integrating 
input. This places the circuit in a “hold” condition. 

When the automatic/manual switch is transferred to the AUTO 
position, the solid-state switch connects the deviation signal to the 
output amplifier. Normal control action then begins. This switch from 
the manual to the automatic mode occurs without a “bump” (drastic 
change) in output signal due to the action of the balance circuits. 

Controller Adjustments 

This controller has a proporţional bând adjustable from 2 to 500 per- 
cent, integral adjustable from 0.01 to 60 minutes (equal to 100 to 0.017 
repeats per minute integral rate) and available, but not required for this 
application, derivative adjustable from 0.01 to 60 minutes. 


General Description of the Feedwater Control System 

The purpose of this electronic control system is to maintain drum level 
at a manually set value with minimum fluctuation. The system continu- 
ously matches feedwater flow (supply) to steam flow (demand) to main- 
tain the proper relationship of these variables. This relationship is 
trimmed by the drum level control unit to maintain drum level at any 
desired, manually set value over the load range of this unit. 

This control system is a three-element electronic cascade system in 
which the primary or maşter control unit functions to control drum 
level and the secondary, or slave control unit, functions to maintain the 
balance between feedwater and steam flow. The primary control unit 
positions the set point of the secondary control unit, which functions to 
control the feedwater valve. 
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The primary control unit compares a measurement of drum level 
with its manually adjusted set point to develop an output signal that 
feeds to the externai set point input of the secondary control unit. The 
output of the primary control unit trims the demand for feedwater to 
maintain the drum level at the set point. 

The secondary control unit compares the feedwater/ steam flow 
relationship with its set point to develop an output signal to regulate the 
feedwater valve. 

To maintain drum level, feedwater flow must essentially equal 
steam flow. For this condition, the measurement input to the secondary 
control unit is at midscale. 

Whenever the drum level is not at the control set point, the primary 
control unit will alter this secondary control unit set point to trim the 
flow of feedwater to the drum. Trimming action will continue until the 
drum level returns to the control set point. 

Any change in steam or feedwater flow is immediately sensed as a 
discrepancy in the actual feedwater/steam flow relationship by the sec- 
ondary control unit. This control unit, tuned to the response of the 
feedwater loop, will correct the feedwater flow to restore the 
feedwater/steam flow relationship. 

The measurement input to the secondary control unit is fed to the 
integral circuit of the primary control unit to prevent integral windup of 
the primary control unit when the control station is in manual control, 
or when the secondary measurement cannot folio w its set point. 

Control Station 

The Foxboro Model 230SW cascade set control station is used with a 
module (Figure 9-9) containing two electronic control units to provide a 
0 to 10 volt valve control signal in a single station three-element cas- 
cade feedwater control. 

The control station is a shelf-mounted display instrument located in 
the display panel of the SPEC 200 system. The control station contains 
two nitinol drive units for indicating the primary and secondary mea- 
surements of a cascade system. A SET knob on the front plate positions 
the set-point index on the scale and provides the set-point signal from 
the drive unit to the control unit. 

A front panel cascade/secondary switch allows the operator to 
select cascade or secondary operation. The set-point and valve control 
output signals are adj us table. 

In cascade (transfer switch in CAS position) operation, this station 
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Fig. 9-9. Cascade control module. This is a dual unit module that provides the circuitry 
to configure a dual unit cascade feedwater control subsystem. This module is wired 
intemally to provide tracking by externai reset. 


indicates drum level set point (B/W pointer), valve control output sig- 
nal (black pointer), drum level measurement (red pointer), and feedwa- 
ter steam flow relationship (green pointer). 

In secondary operation (transfer switch in secondary position) the 
function of the set knob is transferred from the drum level (primary) to 
the feedwater (secondary) control unit. The secondary switch position 
allows tuning of the secondary loop with only the feedwater control 
unit active. The switch should normally be in the CAS position. 

Either of two operating modes, automatic or manual, may be 
operator selected. In either mode, the control station indicates the 
selected set point (PRI or CAS), valve control signal, and both mea- 
surement values. 

M/2AX + A4-R Drum Level Control Unit 

This is the primary or drum level control unit with circuitry to provide 
for the secondary measurement (feedwater/ steam flow balance) to reset 
the drum level control unit output. This prevents the drum level control 
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unit from winding up when the secondary control unit is in secondary 
or manual control. The secondary measurement drives the drum level 
control unit output to follow. As long as the secondary measurement 
tracks the secondary set point, normal integral action takes place. In all 
other conditions the drum level control unit output is driven (biased) by 
the externai secondary measurement signal. 

M/2AX 4- A4 Feedwater Control Unit 

This is the secondary, or feedwater control unit. Measurement input to 
this unit is from the feedwater/steam flow computing unit. When feed- 
water flow matches steam flow, the measurement input signal is 
midscale. In cascade operation, the midscale set point is received from 
the drum level control unit. In secondary operation, the set point is 
received from the control station set-point circuit. 

M/2AP + SUM Feedwater/Steam Flow Computing Unit 

Steam flow is compared with feedwater flow in the feedwater/steam 
flow computing unit. When feedwater flow and steam flow are equal, 
the output of this computing unit is midscale. The summing unit is a 
function cârd that slides into a module located in the nest. Its output 
may be the algebraic sum of two, three, or four signals scaled to 
achieve the pro per reiaţi onship. In this application, only two inputs — 
steam flow and feedwater flow — are used. In this application, the sum- 
ming unit is adjusted to accept two 0 to 10 volt signals, one representing 
feedwater flow (A) and the other steam flow (B). The summer also has 
an adjustable bias, which is set to produce 50 percent scale or 5 volts 
output when A = B. This output becomes the measurement input to 
the feedwater flow controller and is indicated on the control station by 
the green measurement pointer (Figure 9-10A). 

It should be emphasized that all analog computing devices deliver 
scaled values. This is a major advantage of working with the 0 to 10 volt 
signal level within the nest. For example, if the summer were to add 
two 10 volt signals, the output would not be 20 volts, since 10 volts is 
the maximum output. Depending on the calibration, the output signal 
will be between 0 and 10 volts, but will represent the addition of the two 
applied signals. 

Square Root Extractor 

The square root extractor is a nest-mounted cârd that accepts a signal 
input from the differential pressure transmitter and produces a 0 to 10 
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Fig. 9-10A. Foxboro SPEC 200 control station. AII operating Controls and indicators are 
located at the front. 


SCALE 



Fig. 9-10B. The diagram is a simplified block diagram of the control station using the 
nitinol drive units, the CAS/SEC switch and the manual control station. 


volt output signal proporţional to the square root of the input. It is used 
primarily in conjunction with differential pressure transmitters to pro- 
duce an output directly proporţional to flow. Another version of the 
square root extractor can be part of the differential pressure transmit- 
ter’s electronics. In either case, the square root extractor is designed to 
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create an input/output characteristic such that the output represents the 
square root of the input. 

In Chapter 4, it was established that any restriction flowmeter has 
questionable accuracy at very low flow rates. Making the signal linear 
does not solve this problem. Therefore, this device features a low- 
signal cutoff circuit that automatically forces the output to zero scale 
level when the input signal falls below 0.75 percent of input spân. 

The square root extractor is employed in this application to 
translate water flow into linear units that can be compared with linear 
units of steam flow. If the summer received one linear signal and one 
square root signal, the difference would be meaningless. 

Feedwater Control 

Figure 9-1 illustrates how the three signals — steam flow, feedwater 
flow, and water level — are combined. The first two (steam flow and 
feedwater flow) are introduced directly into the sum-computing unit. 

The drum water level comes from a level controller. The measure- 
ment signal to the flow controller is the difference between steam flow 
out and water flow in. The resultant error signal is fed through the 
feedwater controller to provide the feedwater flow signal to the final 
operator on the feedwater control valve. 

The output from the feedwater flow controller is 4 to 20 mA dc. 
This is converted into a pneumatic signal capable of operating the 
control valve by means of a current-to-air valve transducer operating 
on the signal received from the controller. The operation of this 
transducer is covered in Chapter 10. The transducer provides 3 to 15 
psi (20 to 100 kPa) pneumatic output linearly related to a 4 to 20 mA dc 
input. This pneumatic output is used to position the control valve, thus 
goveming the inflow of feedwater to the boiler. Valves are discussed in 
Chapter 11. 


Closed-Loop Operation 

Theoretically, the automatic control system need only balance steam 
from the boiler (demand) against feedwater into the boiler (supply). If 
the measurements and control were perfect, such a system would meet 
all requirements. However, in practice, the drum water level must be 
used as an overriding control signal, not only for safety, but also 
because there is always some loss of water through blowdown. (Blow- 
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down is a continuous removal of contaminated water from the drum.) 
Variation in blowdown rate requires a change in the drum-level control- 
ler output to maintain correct level. The blowdown compensation read- 
justs the drum level. Thus, a measurement of boiler drum level is made. 
This information, used to enforce a more perfect balance between sup- 
ply and demand, is called feedback trim. 

Assume that the drum level can vary ±15 inches from the desired 
level. The differential pressure transmitter is calibrated -15 to +15 
inches of water head (spân = 30 inches) and creates an output of 4 mA 
dc at - 15 inches, 12 mA dc at 0, and 20 mA dc at +15 inches. Assume 
also that the level control set dial is graduated — 15 to 0 to +15 (Figure 
9-10A). If the dial is set at 0, optimum level would be desired in the 
drum. 

The usual procedure for adjustment of a multiple-control loop, 
such as the one described, is to isolate the loops and adjust them one at 
a time. The feed water flow controller will normally have a wide propor- 
ţional bând (typically 250 percent) and a fast integral (1/10 minute). 
Having adjusted the flow controller, the level controller proporţional 
bând and integral are adjusted to give maximum response with full 
stability. No derivative is employed on the feed water flow controller 
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Fig. 9-11. Drum level control — pneumatic. 
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because derivative creates high-frequency response, and flow “noise” 
would upset the controller. 

A large number of power plants have been instrumented in the 
manner shown and are currently working satisfactorily. 


Comparison of Electronic and Pneumatic Systems 

Figure 9-11 shows a pneumatic drum le vel control system. You will 
note the pneumatic system is essentially identical to the electronic Sys- 
tem. Both systems use panel control stations that look and operate 
alike — occasionally the systems are combined in the same panel. In the 
drum level control process, the electronic system proves advantageous 
over a pneumatic system for several reasons. First, it is possible to mix 
the multiple signals easily. Second, the installation cost is greater for 
pneumatic because of piping. The pneumatic system also has less flexi- 
bility. The two systems are compared in detail in Table 9-1. 


Table 9-1. Comparison of Pneumatic and Electronic Control Systems 

Feature Pneumatic Electroni 


Transmission distance 
Standard transmission 
signal 

Compatibility between 
instruments supplied by 
different manufacturers 

Control valve 
compatibility 


Compatibility with digital 
computer or data logger 
Reliability 

Reaction to very low 
(freezing) temperatures 
Reaction to electrical 
interference (pickup) 


Limited to a few hundred feet 
3-15 psi practically universal 

No diffîculty 


Controller output operate s 
control valve operator 
direct 

Pneumatic-t o- electric con- 
verters required for all inputs 
Superior if energized with 
clean dry air 

Inferior unless air supply is 
completely dry 
No reaction possible 


Practically unlimited 
4-20 mAdc practically 
universal 

Occasionally nonstandard 
signals may require 
special consideration and 
may not be compatible 
Pneumatic operators with 
electropneumatic con- 
verters or electro- 
hydraulic or electric 
motor operator required 
Easily arranged with mini- 
mum added equipment 
Excellent under usual en- 
vironmental conditions 
Superior 

No reaction with dc sys- 
tem if properly installed 
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Table 9-1. Comparison of Pneumatic and Electronic Control 
Systems (continued) 


Feature Pneumatic Electronic 


Operation in hazardous 
locations (explosive 
atmosphere) 

Reaction to sudden fail- 
ure of energy supply 

Ease and cost of 

installation 

System compatibility 


Instrument costs 


Ease and cost of 
maintenance 

Dynamic response 

Operation in corrosive 
atmospheres 

Measurement of all 
process variables 

Performance of overall 
control systems 
Politics (the unmentioned 
factor that frequently 
pops up) 


Completely safe 


Superior — capacity of system 
pro vide s safety margin — 
backup inexpensive 

Inferior 

Fair — requires conside rable 
auxiliary equipment 

Lower if installation costs 
are not considered 


Fair — procedures more 
readily mastered by people 
with minimum of training 
Slower but adequate for 
most situations 

Superior — air supply 
becomes a purge for most 
instruments 

A few measurements are 
difficult but can be made 
available 

Excellent, if transmission 
distances are reasonable 
Generally regarded as 
acceptable but not the 
latest thing 


Intrinsically safe equip- 
ment available — equip- 
ment must be removed for 
most maintenance 
Inferior — electrical failure 
may disrupt plant; backup 
expensive, battery 
backup available 
Superior 

Good — conditioning and 
auxiliary equipment more 
compatible to systems 
approach 

Higher — becomes com- 
petitive when total includ- 
ing installation is 
considered 

Good — depends upon 
training and capability 
of personnel 
Excedent — frequently 
valve becomes limiting 
factor 

Inferior, unless special 
consideration is given and 
suitable steps taken 
Excedent 


Excedent — no re strict ion s 
on transmission distance 
Often regarded as the 
latest and most modern 
approach 
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Questions 

9-1. The SPEC 200 control unit (2AC + A4) has a deviation and is in the 
manual position; when the transfer switch is moved to automatic the controller 
reacts to the deviation: 

a. With an iniţial large change and then a gradual recovery 

b. Without a bump 

c. At the rate at which the deviation occurred 

d. At a rate determined by the proporţional bând 

9-2, Performance parameters of most transmitters are rated as a function of: 

a. Full-scale range c. Spân 

b. Upper range limit d. Reading 

9-3. The greatest advantage of an electrical over a pneumatic control system 
is: 

a. Price c. No transmission lag 

b. Safety d. Accuracy 

9-4. The electronic type of controller may be considered to be: 

a. An analog of a pneumatic type 

b. An entirely different concept of control 

c. A more economical way to obtain automatic control 

d. A more accurate method of providing control 

9-5. First stage turbine pressure: 

a. Is linearly related to steam flow 

b. Is a measure of efficiency 

c. Fluctuate s only with temperature 

d. Does not reiate to load 

9-6. Both the pneumatic and electrical systems use a live zero because: 

a. It makes it possible to teii the difference between a dead instrument and 
one reading zero 

b. Zero is the most important point on the scale 

c. A live zero facilitates calibration 

d. It is important to have the line energized at all times 

9-7. When we adjust derivative time in a controller: 

a. We determine an RC time constant in the controller’s controlled 
variable input 

b. We adjust the time it will take for integral to equal derivative 

c. We set the process time constant so that it will always equal 1 

d. What happens specifically depends on the type of controller, pneumatic 
or electronic 

9-8. If the control valve in an electronic control system moves in the wrong 
direction, it may be easily reversed by: 
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a. Reversing the ac line connections at the controller 

b. Reversing the signal leads 

c. Changing the reversing switch position 

d. Adjusting the valve 

9-9. A plant is being designed for an area that has tremendous temperature 
extremes. The process is spread out and requires that most instrument lines 
run both indoors and outdoors to and from the control room. The best choice 
of instrumentation type would be: 

a. Pneumatic 

b. Electronic 

c. A combination of electronic outside and pneumatic inside 

d. A combination of pneumatic outside and electronic inside 

9-10. In the electronic boiler drum le vel system described, measurement 
input to the secondary control unit is fed to the integral circuit of the primary 
control unit. 

a. To lock the two control actions together 

b. Only when in manual control to prevent integral windup 

c. To provide bumpless transfer 

d. Statement is incorrect 

9-11. The 4-20 mA dc output from the electronic differential pressure 
transmitter is: 

a. Linear with differential pressure 

b. Linear with flow 

c. Unrelated to the frequency of oscillation 

d. None of the above 

9-12. Assume the d/p Cell signal of feedwater flowrate measurement was 
acutally 5 percent low. The boiler drum: 

a. Would overfill 

b. Would go dry 

c. Feedback trim would correct for the error 

d. Level would be correct if the steam flow was adjusted to compensate 
for the error 

9-13. The pneumatic boiler drum level control system shown in Figure 9-11 
uses a square root extractor on the feedwater flow control loop. If the signal 
from the differential pressure transmitter to the square root extractor is 9 psi 
(60 kPa), the output from the square root extractor should be: 

a. 3 psi c. 6 psi 

b. 11.5 psi d. 15 psi 

9-14. In the SPEC 200 boiler drum level control system there is a summing 
unit. If two inputs A = 6 volts and B = 3 volts are applied, the output will be: 

a. 3 volts 

b. 9 volts 
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C. 18 volts 

d. A voltage between 0 and 10, representing the scaled value of the inputs 

9-15. A boiler delivers 50,000 pounds of steam per hour. The steam pressure 
is 750 psi (5,171 kPa) and the temperature is 510°F (266°C). The feedwater 
pump delivers water at 900 psi (6,206 kPa). The size of the linear globe valve 
controlling feedwater should be: (Hint: A pound of water makes a pound of 
steam.) 

a. 4 inches c. 1 inch 

b. 2 inches d. 3 A inch 



SECTION III ACTUATORS AND VALVES 


10 

Actuators 


Operation of the closed-loop control system depends on the perfor- 
mance of each loop component, including the final control element, 
whether it be damper, variable speed pump, motor relay, saturable 
reactor, or valve. Each of these elements requires an actuator that will 
make the necessary conversion from controller output signal to element 
input. This controller output may be pneumatic or electric and in some 
cases hydraulic or mechanical. The first need, then, is a device, an 
actuator, that will convert this control signal into a force that will 
position the final control element. From economic and performance 
standpoints, the most popular final operator is the pneumatic dia- 
phragm actuator. A typical actuator is shown in Figure 10-1. 


Valve Actuator 

The pneumatic signal is applied to a large flexible diaphragm backed by 
a rigid diaphragm plate. The force created is opposed by a coil spring 
with a fixed spring rate. Thus, the stern position is an equilibrium of 
forces that depends on diaphragm area, pneumatic pressure, and spring 
characteristic. The spring tension is adjusted to compensate for line 
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Fig. 10-1. Cutaway of valve actuator showing diaphragm. 

pressure on the valve and to produce a full valve stroke with signal 
changes from bottom to top scale value. The mechanical designs em- 
ployed vary from one manufacturer to another. Figure 10-1 illustrates 
the Foxboro Series P actuator. 

Pneumatic spring-diaphragm actuators have many applications, the 
most common of which is the operation of a control valve. They have 
been adapted to globe, Saunders-patent, butterfly, and ball valves. 
Spring-diaphragm actuators convert air signal pressure to force and 
motion and can be adapted to a large number of industrial requirements 
when precise loading or positioning is required. 

On loss of air signal, the spring will cause the actuator to retum to 
the zero pressure position. This feature provides fail-safe action. First, 
in order to provide maximum safety, the function of the valve is deter- 
mined. Second, the action — air-to-open or air-to-close — that will allow 
the spring to put the valve in that position if the energy supply (air 
pressure) should fail is selected. The actuator shown can be reversed 
for either air-to-open or air-to-close action by simply removing the cap, 
tuming over the actuator, and replacing the cap. 

The motion of the valve stern positioned by a diaphragm actuator is 
not exactly linear for uniform changes in air pressure (pneumatic sig- 
nal). The nonlinearity is caused by the diaphragm material, variat ions 
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in ^pring râie, Lhe movjng pieces, and packing box triction. iPacking 
box frici ion vaiies wîth fluid pressure and the type and com press ion of 
pueking.) 

One of the etfectx of In cl ion and nortlinear diaphmgm eharacteris- 
lics is hysteresis, This is [Mc dilference between posilion on incrcasing 
versus position on decreasîsig pneumaiie signal pressure. With com- 
pressiou on the packing and linul pressure on the valve. lhe hysţeresjs 
coukl po.ssihîy be as higb as 10 percent of the loial liavel. In control 
Applications with low-gnin or high- proporţional bând. hy stere si s can 
produce an insensitt vtr area or dead zone in Ehe control loop. Tliis 
svould makc precise eoni rol diflfcull- I. hc şoimi on to this problem is 
I 1 1 good design of the aetisatur; { 2 } caretul cboice of low-l'rieiton pack- 
ing, snch Eis Tcflon rings: and i '3> os e uf si valve posiiioner. 


Valve Positioner 

)f the diaphragm act unlor does ciot supply suflieienl foree lo position 
lhe valve a ce uratei} and o vere o me any opposuioTi i hat. ftowing condi- 
[iuns create, a pusiîtouer may he required. ff Lhe chunge m controller 
air prestsure is small, lhe change in foree uvailuble to repbsicion 1 ăi-c 
valve steni might be toosmall to reposition it necurate Jy. In [his situat ion. 
a valve posîtionerţ Figure IU- .21 wfll proyg hclpful. Positione rs are used lo 
o vere o me lhe faelors previously listed* along wlth other Ihings, such as 
the elfects of hîghly vi scoli s fluids, gumming, tir sedimentat ion. 

I he positloner principie is shown in figure llk>. It is esseniially a 
lixed-band proporţional ftapper-iiozzle controller. II a dtflerence ţerron 
e\ESts between lhe actual valve pavilion and the p osii ion thal lhe 
pneumatic signal should produce, lhe Săit pressure uppiied Lo the dia- 
phragm mol or îs changed in the right di rect ion (ujno Iu II ssrpply pressure 
or dowti to zeroi Lo supply added foree thal overcomes any opposition 
and precise ly posuiotis the valve 

In Figure IU- 3. a controller air- signal pressure of between ? and 15 
psi f30 to 100 kPa) is applied to lhe hellowş (Ah Since this air signal is 
applied only to the bellows. rather than to a large- volume diaphragm 
motor, the response of Lhe posiiioner is subsianiiully fesier ihan thal of 
the valve aciuator alone. The bellows is opposed by the 11 ex Lire assem- 
bly (Bt. Any unbaknce heiween ihese foree s will cause the flapper to 
approach or nvove away franci the nozzle. Any mol ion of the flapper 
causes a change in pressure on the diaphragm of the control relay iC). 
which Controls îhe exhaust port and supply port, <o thal tip to fu II 
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SLippSy pressurc oj down to none can be applied Io move ihe valve to ils 
pro per position. The Ji,sk i Dl may be positîoned u> cause [fie valve to 
stroke on signul press ures other than t he convenţional 3 lo 15 psi (20 to 
100 k Pa), A Fox horo Val v ac lor positioner of Ihe Lypt shown in Figure 
10-3 can be adjusted in sij-oke the valve fully on as linie as bpsi (f>.9 
kPa) change in uir pressure. Ic is also possible lo rum îhe disk and 
thereby reverse the aci ion of [he valve. 

Po sil tone rs pro vide precise postii oning and atso inc re a se ihe re- 
sponse speed of the valve, l'here are limes, however. when a positioner 
shouid noi be nsed: when ihe procuss respondh fa ster than ihe valve 
! such as in a flow processh and when use o f a positioner makes ii 
necessury to set the proporţional bând of the proces* controller three- 
to-ii ve limes widerîhan it would be set if a positioner were noi nsed. In 
many Applications, this is not possible. Two ty picai applicalions of 
valve positioner? are temperaturi control and pH control 

If a di&phraem actualoreannoE. pro vide enoug.lt fbree to position *he 
ti nai control element, a piston-and-cyllnder actuator may be employed. 
Tins type of actuator, when used with high pressnre. will deliver force 
ortorque outpuls heyond those obtainable wilh diaphragm aesnators. U 
is sui table foi The automatic operat ion of'most dampers* variable speed 
diives, s mal! dihee galeş, hiiist gates, certai n vulves. and oţher similar 
equiprnent: and is ţapable of precise, posiiivc posiiioning agaitisl liigh- 
resisting force s. A ţypiesil piston -und eylinder aciua tor is shown in Fig- 
ure 10-4. Piston-and-cylinder actuators are generally nsed in conjunc- 
ţi on with a positioner and a supply pressure of approximateiy 100 psi 
<590 kPa). 


Electrica! Signals 

When the o ut put of [he controller is an electrica! signal, add ii tonal 
equipmenl is required io position the valve or opera tors. One approaeh 
is to eonveri ihe electrical signal into a pneumatic signal at the valve 
location and use a pneumatic actuator. Fhts is a very cummon solution. 
The second method is to oii lize an all electrica! system. Both melhorîs 
will be dtseussed below. 

For tunat ely, the standaţds for electricul and pneumatic signal.* are 
m the sume rado. Both huve a li ve zero and ihe /cro le vel multiplted by 
five equats the uppcr or Iul]- scule value This simpîtlies the eon vers ion 
from One system to the other. The con vene rs may be eiiher rack- or 
tield-mounted. However, when used with v-idves, ihe iiehl mounted 
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type Es generali y empîoyedL The re are Lwo lypes: orie a current-to- 
pneumatie eonvertei\ and the othera posirioner. The conveitei accept* 
a euirent signal, usoully 4 io 20 mA do* unii converts ii into Jl to ]? psi 
\. 2 {] lo 100 kPa;i or other suitabîe pneumatic oul put. î'he positioner 
mounted on the valve yoke is a devtce thal converts a eurrent in put 
signal to a proporţional stern position. The pneumatic ou (pul of ţhe 
positioner supplidş aEr pressure Io a pneumatic actuator. The vulve 
stern is mechameatiy linked to a shaft on Lhc posilsoner. 

SpliL înpul ranges are avaiiablc whert a less than full-seab input 
current wiîi providc a fu II -scale pneumatic oui pus or fu ll-scale valve 
movement: forexample, a 4 io 12 mA dc input ptoduces a 3 to 1 5 psi Q() 


to 100 kPa) o ut put. Reverse action, in which cin tncreasing currenl input 
causes a deCreasing oiitpui, îs also availablc. 

Pri nci p ie of Operaţi on 

Hui se instrument* are ty picai examples of posidon-balanced systems. 
The smâll changes in position generated by a galvanometric motor 
when a changu in ihe carrenl iaput signal ne cur-, is bulanced by i± 
pneumatscally actuated folio wer sy stern- 

The gal va no metric motor, shown in Figure 10-5, consist s uf a 
woiind rectangular coi I of tine cop per wire sLUTuundlng, but not eon- 
tacting, a cylindrical permanent magnet. The coi | is suspended and 
restricted m movemtini by flexurcs [hat permit ii a smaJJ amouilt of 
ro talion ai bou t the magnet axis. lnput current flowing through the coil 
imeracls wîth the magnetic Eield. causing the coil to rotate a maximum of 
7 degrees about the axis aga in st the s prinţi rate of the flexure. A shorted 
turn on the coil provides back-emf tfamping, which — alung wirh the 
curet'uJly bal ance d asscmbJy „ the stilf ftexures in the t'ecdbaek mccba- 
nivm, and the low mnss of the moving componenta- -contribuie* greatly 
10 the vibra (ion and posuion insensiii vii y of the instrument*, This is an 
exlremely important leat urc. parti eu lari y for fie Id- mo u med instru- 
mente, when, as [hc next to the lasl de meni in a control Joop. Ihey may 
be snbjecl 10 vibrulion f'mm mixers, pump*. or uSher lypes o! equip- 
ment. 

As shown in Figure* 10 6 and 10 7, a tlapper is an integral part of 
the coil structure. As the coti is rotate d by an increasing input signal, 
the tlapper moves to cover a pneumatic nozzle This increases the 
nozzle back pressure. The noz/le es eonnectcd io a pneumatic reîay. A$ 
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Mie back press urc ['rom ibe nozzle inc rea se s, the o ut put press urc from 
Mie relay is inereased. U îs m c h poinî 3 har The eon vene rs differ from 
ihe posilioner eh the fcedback niethod employed. 

As shown in Figure 30-6 for the eonverters, the ouipm tYom thc 
relay ho ws io externai dcvîces, such as valvei and atso provides 
pressure to a l'eedbat’k beli ti ws wEtbin Mie convertor. Increasing 
pressnre in this belîows, acMng against a spmig. niov^s thc nozsle 
assembly in the same di rect ion as the ilapper-eoiE as<cmbty moves 
when the input eurrent signal ehanges. A new e-quilibrEtim position is 
achieved wherc rhe tmiptit press ur? is proporţional io ţhc in puţ current 
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signal. Thus it cari be seen Lhat the con vene rs are c u rrcnt- to- pos Ltiors- 
i o pn c j 1 3 n ai ic d e v 1 c c s w i i h ; jyj f tw ta ric t'e ed bac k . 

Oii the othcr bând, lhc posilioner shown in Flgure HK7 is a 
currL-ni -ki pasiiion io- pncaamaîic device wiîh mechaw'ca! feedback. As 
can h L - scen. Lhc rehjy oiitpnt is eunnccted to lhc valve aCLuator. As 
the valve stern rnovcs to open or cJose the valve, a radius arm con- 
nccted to the l'eedback shaft of the posilmner and to i he valve stern acts 
to rnove the nozxle assembly in the same direct ion as lhc fîapper-coil 
assembly, Jn Lhis device, equiîibniim posirion ts achieved where Ehe 
vtth'v po.w hn îs proporţional to the input current signal, FuJI supply 
pressure may be appEîed. if necessary, by the relay to the valve ac- 
tuator to move the valve ţo ae.fi re ve r his balance. 

Electric Motor Actuators 

If eompressed air is noi available. il may be advanlageOLis to usc an 
electric motor acluator. An example i>f t his mechanism h shown in 
Fifiure I D- g . Proporţional control of ac luat or outpul or stern posirion is 
achieved through a feedback slide wire along wiîh an internai servo- 
Limplifier. The A to 20 mA do analog signal front the controller is 
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applieU directiv to the act dator. Dependirig on the gear natios used, fu J] 
stroke may tuke Horn 15 to 51 sceonds. 

Electric motor fieij^0ţâ gene ral ly cos! mure rhan ten limes as 
much as pneumatic aeiaiuors. operate at a mucii slower speed, and are 
not. thereforc. generalty Lhe li ist choice when ane is sdeeting an ae- 
luator. 

In addilion \ o clectrie motor actuators. the re arc electricul suleiioid 
operator*. The sofenuid actuâtor is simple, smulL and inexpensive. 
However, its iipplicalion is limiced u> the ori olt’ or two-position action. 

Qtrestions 

HM. A valve positiqner; 

u . \\ l k :e s t hc pl ac e o f a cascade e un ’ rus s y sî c m 
b- FrovkJes mo re precise valve posmon 

c, Makcs h p ne u mal ir c l i n r r o 1 1 l- i iLiiiiueessari 

d, Pro v ide s ll re mo te indicat ion uf valve pivuiion 

1 0-2. A ss urne t-iaî a control valve ic ^ ll I ll3.c ^ sLeam Mu w Iu îl prncess and that 
high temperaturi 1 mukcs dic rfauîion. bţi/ardoav I he usual pneumtititally 
ope rac ed control vulve ntik/es ibe loIEowutp act con tor fii! sale Operat ion - 

a. Air to-open 

b. Air to-d'ose 

c. psi iZO fcPa l to 1ull> open 

rl, ! 5 pai { 10O kP«0 to Eully e Inse 

tO-3, I !■■- basic fu n ei ion ot l hc sprinţ: in a corn ml lalve is io 
n. Cha raderile l!(m 

h. Oppose Lbe diaphragm so as io pomina rlie valve record ing io \igna 
press li re 

i\ Close I hc valve ir'air fa ilare occurs 
d, Open lbe valve I uir taslme oceurs 

10-4. A diaplimgm armator hus a diapbrugm aren of 50 sqiiare inehes and is 
adjusted Lo slroke li vâlve when a l rn ls psi IZO to [(HJ kPa'i signal is ap pi ied. 
If the signal is 15 psi 1 100 kPal the force on rhe valve stern w l 1 1 he: 
ai. 7 si) pmmds 

b- 75CI pounds less the opposLng spring furca 

c. Dependent cm hy-sLeresis 

d. None of the tibove 

tlk?. A bigh-pressure flov* proces* rcqmres ;i v;iKe ivfîhlight packing. Ihis 
woulJ sugges! Eh ai; 

îs, A valve pus in cuier shmdd he employed 

In El ic act u ator must he si/ed ţu protide Lidiapiiiie t'oree 
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c - i 1 vers a.ed p rve l j m al îl 1 signal li ne s a re re^ □ i re d 
d. [Jiul: o atrol k r i ppE >■ i ng l hc s sg n a I to t a e val e must h; i v v a \ e ry 
n an o w pr^ i pori ion a I I >an d . 

IU'*, Ati electronic controller creare* a 4 ru 71) mA dv signal thal must 
aciuate a Mermi val ve tor temperat îi re control. The besl and mi ost economical 
el i-oi ce wuuEd bu r.o: 

a r L! se an all electric actuator system 

\y. fon vei l to .i p ne u mai ic signal at Ehc controller and ,ise l j pneumatic 
aci nat or. 

v + U w pn eu mu t ic ac l uato r wit h an e Lee t ri c-t o- p ne 1 1 ru al i c vai ve po *i t ione r 
d. Vone.ofthe above 

10-7. A presMJie control proces* jsing prop^rt ion ai- plus- integral control 
ha* a ii. mu consumi ol' 11) se concis. The bot ehoîce qf ac Luai or would be: 

a. An electric motor c. A piston-HQiJ-c.ylinder 

Io A pneumatic diapbragm d- A sul canid - electricul 

Ml-lS, A diaphragm acluator Mas a diapUragm a re ii uf 115 senare incite*, A 
^ah e posilionel ^ artaohcd to ihc uetuator imd fed uith 22-pii .mt s li pp : ş . li 
ariei a 9-psi signal is received fi om toc cont ml ser tbe signal changes to JO psi 
and t hc v i ii ve fai I s t o mo ve . w li ac i s l hc fure c a p pl i ed to t hc u a I ve sie m '. 

a. 2,.‘>ÂQ pomi-ds c, 1.015 pounds 

h. L4y* pound* d. None- of tfte above 

Ib-h. One advantage of :m electric- tu -pneumatic valve onsinoncr is 
u- h cnn bc used on tkvw eoni ud 

b. li produces poşhi ve vulve posi^on 
v. Ii conserve* en erg> 

rî, h dura pers valve travel 

II*- Hh A singlc scEiled globe valve cunlsiining ,n plug I 1 .. incties in diametei 
tised in i Mnc press urized to ^ f K H p*i. VV h : i : ; ic lua tur l'orce is requireet for tight 
shut-otT. 

a. S#4 pound* 

b. 2,i)00 pound* 

c. Oepends upon direct ion of fknv ihroujib the valve 

d. None of [hc aboyc 



Control Valves 


A control valve re gulii te 1 -, the supply of' material or energy to a proeess 
by adj u sting an opening through whidi Lhe material flows; rt is -.1 van- 
adiu oriflee in a line. J'he formula (Bernoulli's the o re ml for flow 
ihrough an orifiee is: 

where: 

<2 =■ CA V AP 
Q — quantity of fsow 
C ~ constant f 0 r eonditions ol Mow 
A = valve opening a re a 
1P = preş ^ttre drop ac ros s the valve 

Fltnv thmugb ihc valve is proporţional to Lhe a rea of ti pe ning and 
Lhc square roOt uf thc press urc drop across the valve. Bot.li factors 
vary — the area vaiies with the percem travel i.positioni of the valve, 
and ihe pressure drop is re late ti tu condiliuns o ui si de I hu valve and 
esLcibhshed hy Lhe proces*. such as layout and plping. 

Fi g u re Mi shows valve pe re e ti t travel protted aga i n si the rezultant 
llow for the lwo must popular valve Lypes. l'hi* grOup of curvts wlis 
plotted al seve ral fixed press 11 re drops (undei* actual working eondi- 


2iri 


CONTROL VAl.VF.fi 27 



Fi g,, 1 1 - 1 . Difftî i erL[ ii ti I presta re effca v 


tîorts. Li constant press ore drop across îbe valve is seldorn encoun- 
Evreii), Hence. the Vâlve user or System desLgner must consider valve 
and pruecss charae-teristics so that ihe two may be combmed Lo pro vide 
ihe required overall per for mance. 

The select ion of ihe pro per valve characteristic îs one of the anost 
important pbases of designinga control loop. Ii is noi enough io assunie 
that a sîable procesa with a wide propun ionul t-band-plus-integral con- 
tre [Ier will cover up any mi s mat eh between the process and the valve 
eharaeierislic, While it îs true that an exact maicii betwccn valve and 
pE'ocess would requirc a eharaderisţie espeeiafly dedgned for the prti- 
cess, it is possible to choose the betier of two standard qharadtenstics 
■l linear oe 1 cqual pcrccntage) lor the process. This h importam, sinet li 
serious mismatch wjlt cause the system to be uns table and difficull to 
control cfteciivciy. 

The linear flow eh arac t eristic produce* a flow rate that varie s in 
direct pro port ion Eo change in valve steni position at a constant 
pressure drop. That is, for EU pereent of valve stern travel, the valve 
wall pass 10 pereent ofits raied f. (sec definit ion in next sec ti ou): for 20 
percctu of travel. 20 percem of its rated C,. and so on. 

The equal percentage c ha raderi Stic is so na med beeause for equal 
incrementa of stern travel ar constant pressure drop, an eqnal percent- 
age ehange in exisîing flow occurs. This ineans that the same pen t'ith 
ţtg& increase in flow w\l\ occur when the stern position changes iVorn 40 
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to 30 percent of iravel. n\ would occur. for exemple, wtân stern pqsî- 
tlon cbanges from 70 io 80 perceni oM nivel. 

Sn aciuai practice, n vulve bas two characterisoios. One is the de- 
sign. or mherent c bar ac ieri Stic, which lhe valve exhîbits in hboralory 
eonditions where Lhe pressure drop !A/ J i is beld constant. The seuond, 
and mo re importam, eharaci eristic ean be cui led the re s uitam, or in- 
s talie d c ha rac teri Stic. Ţhis is the re lai ion s hi p belween flow and struke 
when the valve îs subjected îo the presatore eonditions oi' the prora ss. 


Capacity of a Control Valve 

l he capacity or ftowing rate of a control valve must he matched ies the 
process eonditions M is cal led upon to regulate. 

J he unit thut deserihes the flow Acipability of jl valve is the C 
ralisigi aii manufacturez ot' control Valves publish t ratings of ibetr 
control valve*, I he ( is defined as Lhe numhei of U.S. gallons of wa’er 
per minute lat standard condiţiona of tempenUure and pressure) îhat 
wi LE Ho w i h rough i h e w id e- c ) pes \ va | v e w hon ţ h e re is a I ■ p s ] ( k Pa ) 
pressure drop ac ros s st. 

Valve Sizing 

[1 is essential io slzc a control valve properly for two reasons; 

L Econom ies, ll'thc valve is ovei sszed , lt does noi have enougb "res.is- 
tanee." excepi iu a li mi led puri of its siroke, to control the fluid: 
iherefore. it will obviously pass lhe required flow h but wiîî he mo re 
evpcnsive tbirn a properly sized smailer valve, lf ibe valve is loo 
>.m;dl , li will not pas^ the necessary Mow. even when wide open. 
The valve wifl have io be discurile d and reptaced by a larger, prop- 
erly sized valve. 

2. Control. An undemized valve will never deliver the tuli flow rate.' 
ihus it will sharpJy narrow the controllable llow range. An over- 
sized valve will be îhroltling near lhe elosed posilion, and the fu II 
control range of the valve will not be utilîzed. When the plug throt- 
tles very dose lotbe seat. high- fluid vdodties occur thaî can cause 
erosive da mage. The acceptcd inethod of valve şiling is the ( 
approach. l he three basic formukis for C calc ulur ion arc: 

[G 

( + Lrqmds: C\ ~ Q \j jp 
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2. Gases: C, - 


T f G 


1360 V \P\P. 


ir 


3. Sieam and Vapors: C - y — 


a 1 - 2 ) 


ii 1*3) 


Ie shauld be noied thai an important limitat ion is imposed on the value 
of A/'uscd tor vapor and gas şiling, El may never e.xeeed oncdialf of the 
absolute iniei pressure i P J evcn ihough the valve will absorb up to 100 
perceni of ihe inlet pressure. If the pressure lErop is greşit er t han l iP^ 
use 1 i/ J i for both A/ ? and ihe downslream pressure I /fj. Remember lu- 
ase this aUjusted dovvnstreum pressure i\±P } * in detetmiirrjng ihe 
ddwustream specific volume (v i undertbese conditkjns. 


wheie: 

O ar W = fkiw rate — -liquid (gpmj t guscs tscfh), vapors (Sb'hî 


(t ■= Specific gravi ty 

I t rtowing tempenuure in decrees runkms L 1 :; ■ 4H)) 

A/ J Pressure drop în psi (/*, /V] 

i\ ţ 'psueam pressure at valve mie; in psi absolute 
Pi - Dow u st rea m pressure ;u valve diseburge iu psi absolute 
v - Dow n sire am specific volume in cubic teet per pouitd 


( Sec Appendi v; 


Determmfng Pressure Grop Acro$$ the Valve 

The desired flovv rate, specific gravii y. tempe.rature, and duwnsrream 
. specific volume are quantities îhat are easily deternkned. Whai is noi so 
rcadily available is (he throttling pressure drop. li is mo st important u> 
realize îhat a control valve does not de Fine the pressure drop across it 
It will absorb whutever excess pressure es left in ihe system. This poîut 
can be illustrated graphically h\ the hydraulie gradient melliod de- 
scribed beiow, 

M maximum fiow rate, plot the fluid static pressure versus the 
physEL’iil tocat ion sy stern, Thcn ploi r he delivered and rentai ning 
pressure front left fu right, and stop at tise control valve, Then plot iElc 
required pressure frorn right to left. stopping at the control valve. The 
dififeren.ee between îhese final porni* is the prostire drop îhat the con- 
trol valve must rnairUain ai maximum flow Ibigure I 1-2:-. 
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Fia- U-2. Press urc dmp rhmugn tun [rol vulve* i, rniLxiftuim urni minimumul. 


A :umilar anaîysis can bv [nade for minimum flow, Krom a pum p 
curve, omlei pressure îs higher at low flow. Recause of ine lower fluid 
veioeily, ihe pressure loss r h roi 3 l; h Iha pipa and fittings will be much 
less than at maximum flow, l li îs greafcîy increases the Jetivered 
pressure ai [be bilet of the control valve and also decreases the required 
pressure at Ihe ontici oi' tbe control valve. As; a resulL the pressure 
drop that must be maîntained across tbe eoni rol valve is much greater 
ai the low-flow ralc than it is at the high-flow rate (Figure 3 1-2'L 

Fo make sure tbat valve size h properly calcula led. sizing isalways 
done at maximum flow mie and minimum pressure drop. 


Cavitation and Fîashing 

l'nder normal condiţiona, fluid pas* irig through u valve will undergo a 
pressure drop across the valve orii ic e which* at its lowest pressure. is 
ca lied tbe vwta contraria. Further dow tis trezim in ihc vulve, the fluid 
pressure will panially recover and line pressure ss again increased, 
Figure E 1-3 illustrates this pressure drop and rec ove ry when the fluid is 
a liquid and rentai ns a liquid as it pas se s tbrough a valve, in this fi pire 
I 7 . îs the fluid pressure at the valve iniei and is ihe cxlL pressure. 

When a liquid ente-rs a valve and tbe si atic pressure at Lhe vena 
contract a drops to tess ihan tbe fluid vapor pressure. and the valve cmtlet 
pressure is also less than the fluid vapor pressure, the coudition cal led 
jhixtîittti exista. In olher words, fluid enters the valve as a liquid and 
exils as a vapor. This condiliun is sbown in Figure 11-4. 

Figure 11-,^ ilIustraEes a third condition callcd cmiuiskm, which 
occurs in u valve when the pressure drop across tbe orifice firsl results 
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in the press ure b^ing lowered to below the hquid s vapor preş sure and 
Lheri rec ove ring to ab'ove the vapor preş sure. This preş sure recovery 
eauses an implosion, or eoltupse of tlie vapor bubblcs formed al the 
vena contracta. 

I tashing and ca vi ia ti an must be e an si do re d La ensure pro per valve 
sj/.mg and to allow she sclcetion of a valve [bar. will re si s s iheir efTects. 
Ifthe preş cuce of ca vi talion and flashing is negieeted when valves are 
s i /.ed , u rtd e rs i ze d v a 3 v e s i 1 1 be sel eeled and răpi d valve d e t e ri o răii on 
can tnke place. Iu addition io delcrioralrom eavmnioTi is a souree ot 
Io ud, unwanted nolşe. 


Valve Rangeability 

Ranvedbtliiy is Ll ihe rât i o of maximum comrolJabte flow to minimum 
cont roii able flow," Thus a valve wilh ll eharacterisiic curve as in 

Pi g li re 1 1-0 will ha vc a i angeabîiity of or 50 : L 

Valve rangcuhLtity must be bused on conirollăble llow. U ss imprac- 
l ic al H f r o m . i m a nu fac l i : n g st andpp t ni . to eh a m eteri / e fi \ > v, w ben i h e 
valve is barely open. Ssmilarly. ai shuioff it is impotisiblc to eharac- 
terize any leakage llow that may oecur. If minimum llow. noi minimum 
controllable dow. were used, j salve whh bubbk-Light shutoff wtuald 
have infinite ningeam Iu y. Such reasomng ls logicul, bul iînrcalistic. 
Slncc t j is an expreasion of dow eapueity. tbe definilion of runge- 


FIGUHE i KWSU&tlFf 



f'LttsENT STfiQKE 


I l-s. Rang^bilm o(d control ■■ 


CONTROL VALVB$ 27 7 


abilita can be rescated lobe ~'îhe rac io of rated f io minimum cont roti a- 
bie C f r 

To determine ihc required racigeiibtlity ne Laicii in u cont rol valve 
for a particular sel of flow condiţiona, we mcrely take ihe raţia of 
maximum rcquîrcd (\ u> minimum required f,. If (bis ral io ^ lesv 1 han 
tbe availablc rangeabtlity in c he valve, we will he able u> eoni ml prop- 
crly. 

A vâlve bas a rangeahility as specmed by the valve manufacturer. 
A fier ihe valve bas been mstalled in Ihe process. it bas an inscalled 
rangeability. The se two rangeabditie* may be quito diffierem. The rela- 
lionship beiween Ehese iwo values may be expressed as folio ws: 


R, In stal led rangţabîlky 


R-. - Shelf rangeability 


R, R.. 


i AP M IN 

V a:> max 


AP MIN Minimum pres.su re drop ai llill l.oad 
AS* MAX - Maximum presxure drop ai minimum load 


li' the mstalled rangcabiliîy X .signidcantly greaîer than ihe 
manufacturer’î raied nmgcability. a problem exists I he soluîion may 
be to s impl ) -deci another typc of valve that rîieet s ibe requiremem oi 
ii may be necessarv ;> nse two valve.s .nul split ninge them. 

While C, H an expression for liquid flow aţ a constant press urc 
differentiai H Fagure. Il-I, ti om- versua stroke, *hows how the Uesign or 
inherent characierisiic is changed bx variations in pressure diferenţial, 
This occurs as ibe process changcs fr om high flow.s, uhere pressure 
diferenţial is discributed throughout che system, to iow lîows, where 
mo st of ihe pressure diferenţial is con cent rated at tbe control valve. 
This varia lion in pressure d ide renii al concentrat ion is ane of ihe most 
important factori in choosing rhc proper c ha rac lori se ies of a given 
process, 

Among the normal Applications encounterud in indult rial 
instrumentat™ are flow pressure, temperature le vel, and pH control. 
'] he suggcsted valve eharaclcnslLcs Io he used for thc.su a ppl ic li t i cm S 
follow, 

Foi 1 s.tabiiily over lîic enîire control range, mo sl control loop& 
re q ui re tbat fknv be mani pu lat ed in uniform pro port ion to controller 
outpui. Because Frictiona) losses ihrough pipes and fiuings increase 
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and, pu mp output pressures deereuse wjth mcreasing flow, t h e avadable 
presswe ditTerentia! at ihe control valve usually diminishes as 'fjfaw 
inc reaşez To maintain tbe desired uniform pro port ion al ity, an equal 
percentage eharacteristic is used in ihese varying pressure dlffe re nt ia! 
ap plicul ion s . When a nearly Constant pressure dîSerential exLsts at the 
control valve, a linear charactesistic is prefe rable on nil but le m pe ră- 
nire control. 

A misapplied equal percentage valve charact eristic results in in 
creaşi ti g valve sensihvity at high-flow rates .and can cause iustabifily 
unless the controller proporţional bând isadjnsled al Ihe high-flow rate. 
The eoni rol loop wiil ihen tend to be overdamped aL the low flow rates. 

i.vit h corresponding sluggish re s pon se - 

A tnisapplied linear valve exhibiîs *he opposite effect. A controller 
properly adjusced at the high-flovv râie would have too nanow li pro- 
porţional bând selting lor stability at low flows. I he proporţional bând 
would have to he udjusted at the low- fio w raies, and the control Io op 
woEskj Ihen be overdamped and sluggish at htgher flow rates. 

The reeommendatioos given are only as good as the bydr aulic 
analysis of tho presau re conditions m the sysiem. Maximum dtfferential 
pressure is usually fitirly exact, sin.ee it is efose to tbe shutoff pressure. 
Minimum valve pressure drop at tuli flow is mo re ofîen a guess thao the 
result of a bydraulic analysis, This guess is usually much ţuo low, 
Using ihis imaginary number as a cil ide to the select ion of a >.alve 
eharactcristic wiil normalty resulE in tbe ehoiceofan equal percentage 
valve, The etid resuli is ihe scleelion of an oversiz&d valve that cven ai 
maximum flow wiil be operating in the low pori i on s of lift . Conse- 
quently. r ungea bilby and re sporise at îow-ftov. condiţiona are JosL 


Selection Factorş 

En selecting a control valve, many aspects must be considered: 

1. Hnviron meniul fac tors. sucb as coiTOSion. abraş ion. sempcralure, 
and pressure. The valve mus! be abte to eope wiEh these fac tors, 

2. Pereeniagc I cavei versus flow cbaracierisiic plus loop-and-proeess 
characteristics. Ibis is essenlial for good control (Table [ l-l). 

3. Size. A valve of the incorreet si/e cosls more mitially and m the 
tong run bec au se thc lendency is to oversize ihe valve. In general, 
the s mal lest valve S hat wiil pass the neecssary maximum flow 
pro vi Jes optimi im control and maximum eoonnmy. Ţ he C r ratings 
for a gsven valve si/e vary. A butterfly would rate highest. while 
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J'ahle 1 1- 1 . Chnmc terisuc Scteciîcm hy Applic«ilion 


\ pph i j J i 'JoitS- 

i Fţţrîttf Ciwiir-i^h'd 1 

' *ţj m Sysfnrl Dr\?p 
tif Uni. FUm 

Chitrttffrrwii'' 

FIclv — linear w-dfi 


eq'tial rnsrcpn^igc 

Râw— iinear w.'ftow 

40'^ 

cqn. pcnccntnjîc 

Flow- linear waip 

■ zw* 

Imejir 

l' Inw — linear u rlnv. 


Uncii r 

Prcs fiare 

ma'r 

li ii car 

Pressure 

im- 

equal pereentage 

Liquid \t\ţ\ 

■ 4U f / f 

equsil periTcnţa?şc 

Liquid le vel 

> 40 5? 

linear 

pH 

■50-Vr 

equal pcrcen L;;^c 

r>H 

•> 5EK r 

kncar 

tcmpcraturc 

5ly } 

et|LL;sl pencenlaye 


FEEDFO R WA RD CONTROL SYSTEMS 

Vuâve chariic^riscii^ w ll be deiimii aed hy aysceiii chantetcn*[L-.:n .in-:', nevul Lanţ funOion li-ed 
l \S:. \DED CON T RG1 E .tiOFS 

TdkL- «taie c teracsejistift ren ai ied fivr j normai m nAuaL-fcd feedback Iwr 


lhe bat] valve wouîd nmk next. and the Sau mic rs and globe va!vc$ 
u/ou 3 d have lhe minimum C, ruiing for a gEven size. 

4. Kangeuhîlity. Both maximum aud minimum valves oft , are calcu- 
hued. If ţhc ratio of maximum C, Lo minimum (\ falls within tbe 
rangcabitity for ihc valve selecled H lhe valve sbould i'uncîiou prop- 
erly. If nou valve sequencing may he necessary. 

5, Stil! another factor ro be considered îs the valve’ s ability U> copc 
wi(h high press une. Assume a pump Jeli vers 500 psi and ac limes 
mosţ of this pressure appears a cros* lhe valve, tn r hss type of 
application, a globe valve wtmld be lhe besl ehoice, while a balE 
valve vvould he ădequale. However, the butterfly. pineb. and 
Saunders valves w fluid be poor ehoices. 

SequoncinţpConlrol Valves 

Whcn lhe rangeabiliiy requiremetits rule oul a valve ihai otberwîse 
would be sul table for lhe ap pl ic ar ion, ie may be Feasibte to use Iwo 
control vulve s arrânged for sequentiai aci ion. t"he valve s are in sta lied 
ni puradel so that t heti individual liow rttt.es are addilrve, Ca re fui sdee- 
rjon of each valve si/e ;s rcquired loachieve (he neeessary rangeabiîity . 
loial valve rangeability will be îhe nu io of the minimum cont rol la bl e C, 
of the smaller valve ta (he combinei) maximum C,’s of bol h valve*, fhc 
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maximum f , ol ihe smaller valve must be al lc& s( equal to the minimum 
camrollable £ „ of the large r valve. 

The large valve should noi be so nuich larger Lhan îhe small valve 
thut its Jeakagc rate affeels îhe toiul ilow nsEe more than îhe small valve 
does. Thus. with a balanced or double-seaied globe valve having a 
leakagu capacity oi 0.50 percenl of maximum f,., îhe hest possible 
mngeability usittg sequenced paiul lei valves von Ui be 2G0; 1. indepen- 
deni of the minimum comrollable C, of the s mal Ier valve, A si rigle* 
seaied globe valve or a ughi shiiioff halt. buiterfly. or Saunders diu- 
phragm would re mov e this considera don. 

Ho'ivever. ir is usually advisable io keep the two vah-cs as ci o se in 
si/c as possible while siill obtaimng îhe required rangeability . I or ex- 
amplc, iwo 3-inch balanced equul perceutuge globe valvei wilh diu- 
phragm ac luat o rs and splfhrunge posiiioners would be ah le to pass as 
much flo%v as orte 4-inch and One 1 1 ■ ineh habmeed equal pereentage 
globe valves. Total rangcabiiiLy of the twu Tmch valvcs would be 
100: 1 as npposed to 200 : I lor tbe 4-ineb and l'-z-mch valvei, limilcd 
b y t h e 4- i t lc h l e akage ca pac i t y . A sl i gh 1 1 y I o w c r cos i wo u l d re suit wj i h 
the 1 wc) 3 inch valves, albng with a much simplei' and less expensive 
m a n ifo î d l i r ran g e me nt . 

Saunders diaphragm control valvcs often roquire sequenced purallel 
vaîves io sadsfy mngcahility requiremenis, Ordiruirily P it is not possible 
to usc twQ valves of equal stze, but this does rsot causc a control 
problem, sin ce shey are tiyht sh ut oft" vaîves. As with any type of valve, 
of course, the greatesl rangeahilîty theoi etically possible with two 
valves is the square of îhe rangeabillty of one valve. Htus, the absolute 
maximum rangeahilîiy of tw a Saunders diaphnigm control valves is 15' 
or 225 : în practice, the maximum rangeabillty would hc m the orele r 

of 125 ' 3 duc ro tbe problem of maîching the valve sizes. 

Example: Given a required maximum f . of ISU and a required 
minimum of 3 in an applîcation where Saunders dtaphragm control 
valves are desired, determine the pro per si/c seleciions required- 
Glass-lincd Saunders diuphragm valves are to be used. t 

Foi' pro per control, tbe combincd maximum C, va lues of the two 
vulves should be approximately 250. A 2 l ^-inch and 2-inch si/.c corn- 
bined will dclivcraf. of 253- The minimum C\ of the 2-inch is approx- 
imately 6. which w-ould uot satisfy the application, and rules oul the 
2kz-mch and 2-incJi combination. A 34nch and 1-inch si/e combined 
wlll deliveraC, of 251, The minimum T. of the Mncli ss approximately 
1.5. which is sulislactorv- The maximum C\. of the l-inc h ls 22, and 
execedx the minimum C of the 3-inch which ss Uv This combinat ion in 
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puralld. opcrating scquentially From .■ psi control signal vili 

eovei ,i < '. vonge of 1.5 to 2?7. uhich salisfiei the Application. 

Ţbe ace ud scqu eneing is accomplished by the acumtor If a 
pnc 11 in al ic aciuat or is mecT veguencmg may btr accomplished b\ spring 
adjuslmeni. But Shii is mueh casier to aveumphsh vith ,i valve posi- 
tioncr t Idgure 1 1 M 

Viscoslty Correctrons 

Tise leehniquo dcscribed hcrc iippfy lo nonviscotis fluid* jind will 
MLlIice Lih aii but a Ffcfo siuuiikmv. Wben Lhc infrequenl case of high- 
visunsity fluid encuumered, st should hc hanJIcd as Udîmvv 
l + C alLulatc lhc Reynblds. rnmber *Rl 

R i Tl btn itil’Ml 
' />! rCentiviokesJ 

/; insule djamcEet of pt pe, indie* table 


2. li R is erenttT than 2,tKML ihen the folloving corrcetioiii to the 
lahulaied Al'\ should bc u>ed 


£"Vffid siiri t 

( -M frj 
FjJr Jf>P 


1.14 

ş 

1.40 

10 

1 70 

10 

2 0* 

50 

: «s 

711 

To* 

100 

150 


The conduşi on h ^imply ihaî Ihe valve srze wiSS increase with 
ţviscQsity. bsst tine relatîonship ii noi linear IF very high-viscosiţ y Fiu i<ţ.s 
aie enconntered. empirica! test data are avallable from valve mânu tac - 
lurers io determine ibe C correciion factor 

Nou- Ici us solve some sarnple problems io illiisiraLu the lechmques 
of valve select ion and sizme. 

f.d.i /-. .wj.vr,' EX AMPLE Lei u^ assume thul ssc have a control valve 
regulaiing liqiiid Uliu- l'mm a Eank iFsgure 1 ] The vaier levet is to hc 
cdnl roii cil in this ?ank ai a levef of feec b\ regukiimg the outflciw. The 
meastjred mflow varie s from l) to J20 callon-- per minute. 
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l’-iK- i l-T, Si/ vulve tu ’imute Unk 


I’ht mşîMnium uuEtlyu thtCfi. muM tn + cqud U> thc muxtcttuni m 
Wom . ur 120 gpm Sin ce 1 U>i>i l» foaier doelop'i a iwsmu'C ■ --r 0 -t H psi, 
wuh thc ţank Icvcl *tl 25 leet thc prevhiire lktoss thc vulve must hc: 


/ J = 25 * 0.433 10,8 pşi HMl 

C ' = ^ V AP 


when Q — fU>w raie, U-S. giiJ3nn^ per minute 

AP = diflferential pres^ure across valve in ps, 
G — specific gravity ' ^ater - 1.0) 
itence C r = ]2l) V l/jfl.R = 36-5 



^ i K . 1 1 - K. Duh I T un k ■ ni i ■ ' ■■ ■ 1 r m 
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Iei Ftgurv II IL iov Table S Jr-M. tbe smallesl valve eupablc of pro- 
vEdirig a r ol 36.5 k a 7-ineh eqiîâS peixentage valve No valve kss 
1 han a 2-i ne h prnvLdc* ibe necev*arv t" valuc. 

M/r>: I \A\tn.I Irmcud of thc valve dischargsng Ui ut- 

mosphere. tet us uns urne ihat ii dischargeN ini o a secorid lank uith a 
head of 15 Teci iFigure I U8) fr the maximum fltm Through in 9 20 gpm. 


Maximum inilor 120 gpm 

Maximum oulflow 120 gpm 

A/ 1 — 1 25 fccl 15 fcettfOMVV 4 \} psi 


c: ■ = $ 4*p 


- |20 \ IM .VI >7.7 


i IMj 


In Figure II IE, thc smullcM valve thai eun saikfy ihe required 
C\ îs 2 1 jr-îneh, Nule thm ihe capaeity oE ii valve depends on both tbc 
xi/e and Ehc pEessuie drop applied h\ ţhe sysU'm 

\ A l.\ f t XAMFLL ■> Nou lei un calculate chr sizt uf a comrol 

valve required to regulate the fiow of natural gas chrough an S-inc h 
pi pe li ne uhen ihe flov.ing condi non-s i't : tic clin arc follows 


F { U psţream opera ling pressun* 

Maximum upsEream prestare 
A P Operări ne pressure drop 
across valve 

/k Do w n s e re am press ure 
[Fi-AF\ 

Operating temperat ure ol 
fluid 4 gas i 

Maximum temperat ure of 
fluid 4 gas! 

Q Maximum rate of flem 
Normal rate of fl uu 
Minimum rate of (low 
G Specific gr&viîv al o pe rut mp 1 

c - -2- JPS 

itto V jm’.i 


IdO psL absolute 
375 psi absolute 

50 psi 

250 psi 

50ÎF 

W F 

sud cubic feet per hour 
7 , 3 00 . f H H ) s td cubic fee i pe r ho u i 
2»0(X5;d00 Sld cubic feet per hour 
ipctalurc 1 60Tl O.fi 


i lld) 
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Tf *= 60 + 46f) = $*Q 


J.lXm.rNHi s:tY«Vr>~p 
ijfio \ ^jţ:50i 
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Note thut the upsrream-opefaurtg pressurc is used raiher [han max- 
imii m press urc. TWw proiluccs a more conservau vc rcsuli. Deterrmned 
l'roni T î^isrt: I I I I. thc smallesţ v.jyc rti-ii sîilisfles ihe ret|uircd f , L\ a 
f>- i n C h Aide- mn ge 4 Ll al perccn i 3ge a tt h a £ o f 440 . 

l l/w ’sy/.iv-, i\,\urn. 4 Noa kn determine ihc si/c of thc control 
valve rcqimcd foi thc heal exeharigef dcscrihetl m conncclion wîţh 
Fijţufe &20. The follawing data arc esscrtliaJ for thc si/mg cale uhu mu: 


Maximum stearn pressurc 
Normal si cam prestare l/ j > 
Maximum a atei pressure 
Normal walcr pre^ure 
Iniei waier temperatura 


50 pSE i6 s psi absolute t 

40 psi t55 psj absolute) 
65 pst 
40 psi 

>2 F 
200 p 
50 gpm 
20 ^pm 
4 inches 


< hulei vvaler tempera turc maximum 
Maximum a ater Hem ralc 
Normal w a ier tio a ratc 
Pipe size. Meam heitder 


Biu per minute added to u aier = i AFrtepmiipoumJs per gallont 

- iim - 52KSQ x 8-3) 

= 14S ■ 50 x: gj - 6L600 Bin 
per minute 

Bui per hour - 61.600 x 60 = 3.700,000 


i 


xm. 


”0' 




Hk II BuiJcr drum k^d contmt 
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Steiul yidtis apprciKimateh I jiw Biu per pound ^ hen eondensed. 
Henee. Ui rounded oul accur ,w ;•■ . 


1 , 700,000 

1,000 


V7ţxi poumiv per Krnir sieam 


Siria 1 the indivaîed downMnMîîi prewirc i/ J .) i* ifout of low- 
pressure condensate, i hc aciuai pressure dmp is mo re thnn half thc 
upsiream p re suire Whtsn Ihe pre.raurc drop reachvs iipprimmatdy 
huli upstream pressure ip a valve handhng gas or vapor. î hc fluid 
vdocily icuches ihe specd of smind and cart mc rea sie no funher. 
I urlher încrede in press urc drop, tben. xvi ] I rtol in creare thc flow 
through thc valve. Tliis cPndmon is knuun as "'criticai v*toţfty* M 
and P 2 U u>cd insicud of 1P when d ou nx cream pressurc is te** 
than halt l hai of upsireum AIm>, * i- Liken at ihe dOWnStream 
preş sure and i* oblained ("rom a vteam lahle as ihe specific volume 
lisţed for ^3 2 pvi absolute, or 13.023 Henee. 


w i 

■ ~ 63J Vă/* 

1700 l'.ItîT 

= 63 ,3 V 55 2 

= 47.76 


■ 1 1 - 3 > 


Because more ihan fiaJf Ihc soiiil pressure drop i-t-inch headen 
vvould appear across the valve, a 2-inch equal percentage globe valve 
vvould he a logica! choice 

YAivE sizi\a EX-WfFn : Boi Ut fccdwater preta eaîed îo ?50 : F enters 
thc drum :u a maximum feed râie of 200.00(1 pound* per bour I he feed- 
waler pump produces a pressure of fvl)0 psi and the presau re drop 
across thc valve al tul] flovv Is 200 psa csee Fagure 1 1-9), Determine the 
required valve ţy pe and siîe. 

First step: From sie am table lAppcndixs tind specific gravii y. 
InîerpiiiEslion 

V, ui 358.43 I- 0,Q$G9 ft Ihm 

V r at 341.27 B F 0L€t789 

— - • - — — 3 ^ snm 

Dlfif a 17 le 0.00020 


Încremeni F 258.43 35U.OO - 8,43’ F 
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Ş 4^ 

încremeni V. - ■ 0.00020 = 0,00010 ft 1 Ibcti 

37. l f> 

V, [K MOŢ - 0.01809 - 0,00010 r 1)01799 ft» Ibm 
Demiîy = J OvOF99 = 55 59 lb ft 1 
A citbc iitoi ol waler .ii standard condiţiona wcighv h2,M pontrds 


.SfMK 


55.59 

«.37 


0 89 


The fee*l mic of 204U*>U poimiK per hour of vtcam is condcnsed to 
vviktet Io convcrl to lialUms per minute fîf wjilţr Lhrough th« valve: 


200,000 |h h 
55.59 jpftb 


7,481 g ft 
00 min h 


448. 58 gprn 
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Thcn fur w;uer 


r, - v 


\ \r 


4408 


0.89 

:oo 


29:92 


Rcferring lo Tabics I l-l and 11-2. li 2- mc Ii globe valve wjll satisty 
iht’ pressurţ and temperaiurc coodjtibris and is âvailable with linear 
charaet trist ies thal satltfţ sil rcquiremcn^ 

1 î/if i \ wiri f ■ \ .1-inch line came* 50.000 Mantia rd cubic 

•cei pcf lumi ni ;ur ut .lu Dper-jjing pre&tutţ of 75 psi. rhe downstream 
pressure îs 511 psi and the specific gniviiv af uit is by definitivii 1 
Assiimc u vulve j\ requtred lor pressure eoni rol. Determine îjs sDe 
und lype if ihe flowinţ tem pe ram re of the air i\ I- 

7\ = 75 psi - 1? latino* \ W p4i absolute 

P = 5(J psi * 15 inimos, i (S5 p>: absolute 

-If = 40 M 75 psi 

Since f>5 psi is mort ihan half the Lipsi ream presMirţ, AP ~ 2> 

psi. 



l ia, 11-11. t'hiirjrliiristis curvet .tml (' for î •> picul globe «juni rtrcenl .mc valve» 
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_ _Q_ lUR 
I.3M 

. 50,000 /96CT5: 1 

1 ,36(1 V 25i*M 

= :k,:? 

rhis pfoeess wj]| bc sat înfieri b\ a 2-mch (Table 11-1 and 11-2) 
cquiil perceîiliigtf glnbe valve. 

u/u \isj\M m \ '•Mnch chtonnc line ăt BIFF curries 

potinds per honr. Ihe lipsi rtiim prefire sv ^ psr and n Jbeharges into 
li Ntnk itt m nm ■.plierii prcssure« tind ihe f al' a control valve (o he 
i n si a llei i : ni h le en t 1 o t h u ia nk .t n d i e c n rn n iei î d . t v al v e t v pe 

f * i SS pM ■ | ^ i-ibvolute ~n pM ah^ilUic 

/'.. - I S pM absolute <0 pvn 

70 

Rcchijm; 5? grcaier ihasi — or one-halt / J . criticai dmp apphes 
.vrui Ar ^ ar ** p*i. 

Ne Kt. refer lo a handbook Ihat ha* a chiori iu* table. and. a^uming 
ad i li bal ie expatision js apprcvirnuled. ijawnMremn tempera ture vvouJd 
be fe0 : F al 35 psi absoiirîe and specibc volume would be TIS cubic feel 
per ponnd 

r W r ±- 

63.3 \'a/‘ 

200 ,'2 .18 

“ 63.30 \'35 00 

= 0.789 

Bc-causi- approximately HHI penceni uf îhc pu.-ss.urc itrop occurs 
across valve A. Linear chariiclen -iic indicatei! by thc vmall { . corn- 
bined with a 1 j - i mc h line wouJJ sugge^t a L i-inc h globe valve hndy wiLh 
reduced if - «1.789) tnm. ■ S nm refera to ihe va|\e\ inter nat working 
mec hani sm. \ Materials woutd be earefulh scketed to stand up tuider 
ihc corni sive elfeci* uf ehlorine if ihe chlonne is wei, a stiimless Steel 
bnd> and hasSaSlos C tnm might bc rcqmred 
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Thu^ fur onîy Ehe maximum vafue hus been eon^idcred and uftcn 
thi^ b thc onfj vaJve cunMdered Howevcr. ic is bciter praclice. vvheii 
dai .1 arc av lilable . U> l i. uhile hoîh maximum and minimum f vjIllcv 
I ho rut io of maximum fo mimmum chcn ^ives a required ruiigcabibt) . 
11'. lor examplc. [ho nmgcabilil v worked oul tu ho 135. il beeonies 
evideni îhnl i hi v e an noi ho uceomphsbcd hy an> single vulve and ihat 
thc ^qucnoing lechniqţse would ho Tcquired Ori rhc sHhcr harul, îhe 
nmyeuhilîly Eclb u> it îhc sc [cote vi valve is capţihle of accept aNe con- 
Irol l'hiş mu> be demonstrate*! vwih ihe solution of [ho lultou mp proh- 
Joms. 

t \ m /■ { \ i irm ’ \ sicarii valve regulate-* Ihe llovs of saţuraicd 

şlfam m a ifcrnjch header to aprocess, The maximum fkw rate i-* hUHHi 
ptiimd* porhuur undthr minimum i-. 7 JîJOpoundHperhotir Al maximum 
flinv, Lhe li p:\iream prevsune es 2n ps.i and the tlown^ueam pressure îs 15 
psi, Al minimum fk>w the upstreamis 25p$i aud thedowmtreum is ] 5 p-s-i . 


Maximum fiow 

F, = 20 p>i + 15 i ,iimo\ ■ 35 pvi absolute 

/*= - 15 psi - t5 tatmos.i - 10 p>t absolute 

AP = 35 3H = * psi 

r _ JL J~L 

’ 63.3 V ±f> 

Max. 

_ 30,000 /f _V44 
63.30 \ 5 

= 7*5 J 6 
\fintintttn Jfti ii 

= 23 psi + 15 - -Hl psi absolute 

l\ = 15 psi 15 - 3P psj absotii te 

A/ 5 - *10 30 :<! psi 


r * JL /j_ 

r 63.3 \ A/’ 


i VALVES 


7200 /i 5.744 

« 30 V [0 


^ t33JS 

C r max. — 785.7(1 
C min. 133.55 


5.89 rafiipeîihilits 


l Ins can easîly bc handkd hv a glohc, hali, or bmîerfh vulve 1'Ikş 
in o st economicul e hon ce would bc u (>-mvb unhned bmterfty vulve. i'Sce 
Tub Ic l.ţ-Sfc 

i u E f Si/. im; LXixtpii V Lcvd is hemg eoţiirolîed în a îank rhc (low 
ni n ge iv H H Uo 1 s tMKl jipm T' he I îqu ni i s m in c raî os I art d h us u s pce itk g rs l v ■ 
ic y of O HK, Line presvu.re iv JOtilo l?0p*i and ihc LfcmUtîngprtssurcdrop 
varics J'roni 50 io MO psi The icmpcnsturc muy vary from 7u to HOT. 

Size the control valve and iclcci .1 churacteristic Eypc tfr&l will 
valtaly ihe proces. 


<■ - c y& 


c max. - l,0M P = 'fj& 


\lo = 

LI 

C, mia. - m yi — - S .94 

T , . , .... C ma n:.b7 1-e 

Re q ui re d mngeabdily = ^ ^ _ M.S 


An equal percentage valve is tndicated and a maximum C, of 
l32,iV? indicate* a 4-inch gjobe or a _>-inch half valve could be used, 
Here. econnmy might be the decidins factor sinceetther type could 
do ihc joh. I he 3-inch băii valve likcly woutd be Ifrss expensive than a 4- 
inch globe valve, u iţh cquaî pereemage chamcierisLk> 

valve w/Afr rv4um : t 1 A valve is ti şed for flou control. The line 
size is 10 inches and the liquid is water Maximum fîow mie is klKJC) 
Kpm and minimum 250 gpm The line pressure variei beiween 40 and 
50 pM The dbwnstrcum pipi ne îs 2 psi ut ÎJM0 gpm and tbe 
downsireum pressurc is 25 psî. 


2 ®i \ni \ntus vm- u, \ 


Select j ^jh'e st/c an d tvp 1 . th;ai wîll ţatjţfy thr* pro^cs^.. 

c - e V§ 


l/r/l/mW/N ///7H‘ 

!\ - 40 psi 

r 25 psH pipe lovJ 25 
\P = \7 psi 

f mu a 5.IHK) ^ ^ 

= ?27,ft 

(’, m;i\ 


Ran^eabilily 


C mm 


5(1 


\finnntim ffmv 

r, = 50 P ^i 
f l ; 2^ ps i 
Ar = 25 psi 

<•. - Vf, 

= 30 

14 55 


Tahk J )■}. Appfoxifimlc ( Valiie* ol Iviik.iI \jhi-' 


VI StiSâl OKIini VALVT 

VilVE 

Tr ia 

ILiZCl 

Sice 

St : c 

< 

i/2 

i/i 

Q.Ji 

3/4 

3/16 

0-W 

1 

1-/4 

i.n 


s/i 

2-U 


i/2 

M 

i/i 

S 

ft'rt 

10- 

i 

1 

17, 


■rSL 

1.5. 

I 1/7. 

FPLL 

3^- 



24, 

2 

FVLL 

fcC- 


*Cr* 

4-î 

3 

nu. 

21tf- 


40ţ 

m. 

k 

: ruu 



*ot 

W- 

fi' 

TTl-i , 

mQtl. * 


* ¥-fi f rr j inf p> gr-- L $* * ■ 

:-at»ui rif Irtftji f * » L vr 


S-lL Ltzzlf yii'.n* 

aO - .pori H y “ j^ma. 


1 W' 


J 

: ou 

ISO 

j 

LU 

-■■iu 

|_ 4 

1/0 

îflt) 


i ?J0 

:ioa 

1 

i:og 

:itKi 


IBGU 

4000 

: — - 

: î: : 

aOC» 

iî 

Jtnjij 

'^loS - 1 

14 

-*iKu 

îoaoo 

_□ 

S Vi J '2 

iîi5.: 4 

Li£ 

7»a 

15G0G 


■ le^relcDT ieLm G m V .i ! 


iALL 

rt?7 

VAlVf 


Cs 

Cu ^bcr. 

Vi iw 

ilisr i* 

Lbw Li 

: L A» 

-llxt M*e 

EVLg.1 


Jî 

7>1 

■ " ■ . 

•r; 

3 - 


1 iii 

V. 

3 

33fl 

21L 


f- 3 



[ i-jca 

/3â 

i | 1KKJ 

14JCI 

■ 13 * 

j 31 W 

21 


I 4200 

KK 
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Tabk-s III ;ind f t-2 indicate a finear valve is a good choiee, but a 
v ai v e w i E h t he f s eq u i re ti wi ni I d kz r. i r he r I a rge E*nd v e ry e xpe n \i v e . 
I hcrcf ore. ihe practicai choice would be ctihcr li f>inch hunerfly or a 
fr-inch hali vulve The lined ba li valve would pro vide shutafF. which 
could be advantagcouv \Soc Table I M> 
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Questions 

\liIw S|itM' illcaLkms 

I \<Miive valve- — Sieei vr;j:nkv% %ieel tom. ti^hc sftutoâ 

Fkm rjngc: 2 Io 20 ţ;pm 
Spceific gravii y 1.2 

Line pressure A 5 ţo mi pvi idiiwmLreairi pipmg L, >-> 2 pm at 20 epmi 
lemperauire iSti 1- ■ 12o I 

: I L' vel gonind ^ahe — *lfi '.r.nrilv -•> >!-c: iv_!v and irim 

Fliiw range: 2oi) i<i 2_U00gpm 
Spuul K : gnu ii\ i'i o 



Hr. 11-12. .^ppiECHlieni dala im Firide nu ' i ihn-iiiţh II ‘ 


\CW\tOK* AND VaLVES 


Line presimre" ^5 tu I '5 p^i {throitlmţ prevsure dr&p 4fi n> MHI psii 
Temperat tone: 71) lo I^M I- 

î l'empeniiure cnnEml v :L hc imn or knnnze hod>. ; |6 stamle** Steel irim 
How rangc. I . ^ K i u> 5,'MMh h ^lEur.iEed i de;im 

I inc prc.hMJtt eu <*0 pvj rcqnsrcd vulve uiaEl^-r pfessurc |0 hi >0 psii 
Fcmptrulutc 312 331 E- 

4 Fliiw cosii rol \iiKc S tainic** sicd tx>dy jnd tnm 
Ltew rnnfcc 2t)0 io 2.5LX] gpm 
Specific grav se v o 95 

Line prcsiţijre; 22 io Hî p*i i du w nutream pspmg I 1 psi :iC 2,500gpnil 
J IVcssurc con! rol valve— Iron or sted bocty . lift Mani Ic v* mcc! îirm, ri^il 
vin Hoit 

3 -Irtw r.mge ii Eo Vi*Xl ^uSln 
Specific gravin j u 

Unc pre^ure 40 p%i • Fcytjrrc-ci viiVe o ml ei pressur* 22 psi ui *.!KIHJ se Eli I 
Tcmpcratu re Eo 13ir T 

IN rec li uns: 

ILt ihmugh II-?. CHuoveariv ut dl o: Miv :i\g vdves Li^t-ed ahme and 
complexe ly vpeeirv ihe pruper npe. ^cjc; . tiu , for eaeb cmc 

1 1-6. Crsiîcnl flow iKcsirs ir* a or vapor valve wbcii 
A* l pstream pressure equate Liownsirtarn preia ure 
h. Dowrihţreitm prefire cqsials oRi--nalr upsEream press urt. boih 
absolute 

t. U psiream pnessurc evcecd> 15 p>i absolute 
d- DownMieam prcsvac i- levs E-ian 5 p-u absolute 

11-7, f may bc deiitted 

ar Criticai vcJocity tftrough a con irul -.trie 

b. Tli>e wnier flow in L’.S cpm diichafgcd thrmjgli a usde-opert Wilvc 
wiîh a l-psi drop aîrmv ii 
l'- Correction factor for tbe vist&sity of the fluid 
d - C nti ca I vo lume fac Eor for aa s d ow 

1 l-j8i The bquid flow io be controlled coniams şuspended wlidi, A gţHjd 
-choice of valve iv 

a. Globe c. Saunders 

b. Widc-rangc V-port d. Spirt hotly 

3 l-'L If h eoni rol valve permut .mh rtiniimum teakagc wben il is dosed, ibe 
choice w-ould h 
a. Smpie-seat 
lt, l>r>uble-sc^i 


c, Bullerfly 

d. SpUt bodv 


SECT10N IV CONTROL LOC? ADJUSTMENT AND ANALVSIS 



Controller Adjustments 


A 11 controller* must he adju*ted or Tuned to jcconimodaie rhe pnv 
ccsses ihey control- There are severa! approadhfcs Foihis task. Same ol 
the Eechniques are mathempuieah However. ihe moşi ividdy u*ed ap- 
proach is. n c o mbi riali bn of experienţe and inafe#i»d-eiTor. 

T he purpose uf tumnţi a controller io .1 proces* is îo match the gam 
and li mc lunctions of E he controller %u*h tise rest of ihe dement* m the 
control loop (proces tmn&mitter valve, and so om The objecl of 
[îdjusţîng a controller' s proporţional bând as to give the nud loop a 
dvnumic gaia of le 55 lhan I :n order to ["arce tirn indueed apset ta 
dairipen oul. If îhe dynamic gaia of the loop equals L and in'phâse 
feedback exist* around the loop. c% cline or osc: Hai ion will oecur al ilş 
fundamenta] or natural frequencv afier lui up^er 

Proportional-Only Controller 

In order 10 determine the dynarttîc gafa of the loop exclusive of the 
controller, the folio wîng procedare may be followed with a 
P ro pi >n i ona l - on J \ cont rol le r . 

L Adj u si the pruponional hanii in a maximum and ihe gain to a 
minimum 

2. Place ihc ciinl roite r >n lutomaiic 


CONTRQJ I OfH- ATJJ1 VŢMKVT ^VD *WJ.YS!.S 


3, Make a step ehange in ihe controller set point. 

4, Oh serve ihe resulting measunemenţ c>de. 

5, Reduce the proporţional bând* and repcai Step* 3 and 4, 

IV. Kccp re pe ui mg Sicps 3. 4. and 5 unh! constant amplu ude cyclc is 
observed Al tbis condu ion, ţhe loop h;ts a gsin of t 
The total loop prin is ihe product of the gak ©f the control U»up, 
exclusive of Ihe controller, mulliplicd hy the gain of ihe controller, 
Assiimc. thiit Step ti gave j proporţional bând of MY ■ . i e.. a controller 
gain L >l' 3 Sinet- lotul loop gam i> I the gain of the loop exclusive uf the 
cont rol ki must be I dividcd bv 2 , or 0.5. To produce adnmpcd re sporise 
lise totul gam mtîslbe lc*$ t han I, and sin« the controller is the only part 
of the loop that can be aduislcd. itsgain nru^i be Ies*, than 2 ii.e,, a pro- 
P ori ionul bsimt gr crater 3 han MV ■ Ihe reyponsc ihal ts usualfy desirabJe 
;ippro\imaies Curse A lor the proportionahotily controller in f-îgure 
I- - 1 I h 1 ^ rcvponve, called qiMilcr-iimpliSude dumpenirig, eauses e:sch 
cs cle to have un amphiuiie of one-qnarler t hal oi the prevjrms cyele. A 
Iota! loopgitin ol h 5 ^ilJ re suit m quaner-ampl itmle dumpemng. ltus, 
in ihe âbove exumple, ihe controller shoukl have a priit of I. or ie pro- 
porţional bând s ei ling of K CH> percent. It the control loop has a much 
lower gasn. the loop is said to be overdamped. Although the loop will 
be stable, excessjve o lisei ss 1 1 1 rezult (see Cuju j t'i A Joop gain of I 
will yielii Curse A. A loop cam greaier ihan I wil| yield conlmuous 
cycliisg of increaving amplhude. Thfa procedare should give satisfac- 
tory resuJls in a proporţional onls controller 

Proportionab Plus-lntegral Controller 

lf a controller has an miegruJ mode. then some meas ure meni of ti mc 
response of the control loop h neoessarş. By properly matchlng the 


PROPORŢIONAL BANB 

l'rfTEC-ftAi W 
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13 CQFRECT 

5 CCRRECT 
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resportse of Ehe loop texclusive of the cc-mrollen io the rcsponse of The 
controller, corrcctîvc act ion will be appîied as rapidlj 4 s the process 
will hHow In other words. with a properk tuned integral mode, Ehe 
controller will allnw an tmergy iriput tq The process a! the faŞtesî rate aE 
which Ehe process cari absorb ii 

M a controller hus iqo short :m integral rime. the process wili not he 
ahlc to kcep np with thc ehanges in eriergy snpuL and cyehng wîil 
occu r. Oti the or fier h;md. ifEhc controller has îoo longan integral Time. 
shiggivh rc&ponsc will occur In ibis eondiuon, thc measured vtiriabk 
wîJJ noi rcuirn u> thc set pomi after an upsei as fast as possablc. wkh 
upiintum sciEings. 

If a proportionabpiuv integra! erniiruller îs placcd m manual :.md .* 

■ i ■/ 1 ■ h : .mec ml loduceil itîIo Ihe Liutpur, a suilmg penai E'or dererniin- 
ing thc integral linie may be fbund If it Eakcs a slioit tinie for the full 
clic iE of i he outpUt cIi.hicl io hc fclt in tJ*C nuM'.iiremem signal. Ehe 
c ou r roii er’s integral time will be correspondingJy short 

An aEîctnaEe procedare for tunmg a proporlionahplus-iruegral 
((wo-modet controller îs 

1. Adjiisl Lhe integral lo a time >enmg un nirnuicsi that is equal to r he 
nat u ral period Jivided b\ 2 4 [ he natural period j\ Ehe time m minute* 
beîween succesive peaks 

2. Adjust thc proporţional bând sen mg to an optimum value as de- 
seribed irt Lhe procedure for ;i prapori lonal-only controller. 

] he elfect of m tec tal oii proccvs-responxe curves for ;s Ewo-mod£ 
controller as aKo shown in Figure ] 2 -\ Cui ve B represenlv thc desired 
q unitei -amplii ude dampening: Curve C represents too long an integral 
rime; and Curve A too shon an integral Eime. 

Adding Derivative Actson 

If the responsetime of Etic proccss excevriveh tong. derivative aecion 
may be neeessury for optimum control The adjustnient proeedurc for a 
P ropţ >rt i on ah p I u s-i n tegral- piu s-de n % an ve con ţ ro l Ier i * : 

1* Set thc integral to maxtmum time. 

2. Set ihe derivative to minimum time. 

d, AdjnsE Ehe proporţional bând to an optim uni setting as before, 
eepE thm a slighî cycle should remain in îhe measure merit. 

4, incrcase The derivative time untfel the cycle stops 

5, Narrou the proportionaJ bând untiMhe cycle start^ again. 

ts. Repeal Stepe 4 and s umil fuslher increuses in ihc derivative urne 
hui to stop The cyclc 


CDNl KCH LOOP ADJU5TMEN1 AN I J A^At.’i SîS 


7 . Widcn t hc proporţional hand ; i ■* Ntop thc c > c 1 e 
K r Set thc integral ta mc cqmiK to derivative ti mc. 

tbţ efl'ecl of derivative aci ion on proces -re span^ cmrves iv shnwn 
in 1 igurc 12-1 for thc pro^nional-pfus-mlcgrai-pli^ den vali ve control- 
Ier Cum: li rcprcscnis opranum k u n m ^ . Curve t shows thc elfect of 
loo long b derivative time, and Ciirvc A tshows too short a derivative 
ti mc. 


Turving Maps 


Assumc thc controller w on aulomalii: and cotit roii mg thc process, The 
adjnsimenlN have becn made bv either trial and etror or expenence. 
Von nmv compare thc record lo thc tu ning mar 1 l’i^urc-. 12 ' and 12-}). 
3 his compuriMin should teii vou uhnt addihorui! adjusîmcm is nâccs- 
sary and wliiil aIhhjJJ hc adjusted The oeps arc lollowx: 

1 B Ik-icrminc wfrieh înniny m.a- .îpproxiniate^ thc ucUral eh an rccurd. 
2. Select thc tunmg map that. m > our judgjnenL is mo*t satishictorv 
tor thc desired respon^e 

3k Adjttst thc pELipornonal besml integral, and derivative in ihe direc- 
lions indicated m order loobiain a more satiNhictory chart record. 
OnJy ihe pro per di reci ion of adj ustmcnt j.s pro vi de d bec a usc vam- 
tions in actual processe s dictate ihe mag nit ude ut tbe change. 
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The mning maps are shown with magnitude uf deviaEion and a 
response time satisfeeiory for il]ustrarib*i + Measurement record* will 
vary in deviaţiora and response time from ihe tuning map^ ShuwtL here. 
Howe'ver. ţhe relative cffiercls can easik be comparai. 


Adjustlng a Controller with the Proporţional, integral, and 
Derivative Mode 

Tb sune a pipptmîonal-plusdntegra^ piu s-derivative controller, kt us 
assume f hat the lunmg map murked A in Hgure \l-\ nppŢOX iritate;* ihc 
actual uhart reeo rd b aJlhough the deviation^ and ihe res-ponsc: times 
may bc differem, It as de st rable u> ohiam a mea su tern cm response 
similar Eo ihe tuntng map marked "B r ‘ m Figure l_? 
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Note th ar t he relative etfeL:^ of proporţional bând, derivative, and 
integral can be easily determined from the uining maps. Sîartîng wiţh 
tuni ne rnap A, wc tind: 

Encreasing ihe proporţional bând mmimîzes eyclmg but incrcascs 
ihe de viaţi ou. 

Decreasing the proporţional bând decreases the deviat ion, bu[ 
causes prolonged eyeirne if too Iov. 

Tncreasing the derivative deereasc% ihc devia ti cm and minim izes 
ev: ling up to fl critkal vaîue Beyond ihc criticai vâtue. c he devia- 
tion inerca^us and prolnnged eychttg occurv 

Inereasmg the integral wtl] mmirm/e the ameninţ by vvhich E he 
mcasiiremeni crusscs ihe set pomi a mi mmimt/cs eveling, hui a 
prolonged dcviation oecurs M ihe integral is too high. in ihis oase. 
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ihe proporţional bând must be deereased and the derivative and 
integral inereased io obtain the deşi ied resulto. 

Tbese tuning maps are designaled to work with the dials labelEcd in 
curreni ISA and SAMA terms. If you are using a controller with 
l abe I s m ol he r t e rm s re fer ~o fa bl e 12-1 I V » r a ri v nce c ss i l ry e on vei s ioi s s . 


ClosecbLoop Cycling Methotf 

The dosed-loop cycling metbod tises a procesa -cont rol [oop ihat oh ei \ 
fale* at d gain of I in order tu predici alt mode settings. A typlcal tuning 
procedare would be: 

J. Seî the integral to maximum time. 

2. Set the derivative io minimum ti mc, 

3, Sei the proporţional bând to maximum. 

4, Place the controller m aulomatic. 

5. Reduce the proporţional bând settmg un? i I the îoop cycles with a 
ga in equal to ! (the ulii mate proporţional bând, and as small an 
ampli Linie A as possible, Fsgure 32-4 shows these retationships. 

6. Measurc the Eoop’s rime period 

7, Adjust the settings as follow*: 

a. For a proporrional-onEy controller, B = 2 B„ for a 0,25 damping 
ratio. If the controller bas gain imits, the ga in should be otic- half 
the valuc that caused oscillaîion. 

b. In the three-mode controller the integral , which is phase lagging. 
and the derivative, which is phase leading. should have equaj 
rime values This wiEI produce minimum phase shift. The in- 
tegral rime — derivative rime - or approxi matei v -^r 

c 7 t b 

e . A l't e r 1 he in teg ral a nd de n va r i ve d i al s a re se i , adj u st the p r o po r - 
ti anal bând or gain \o o b ta in the de si re d dumping. If a 0-25 
damping rari o is desireU*/J - approxi matei y 1,77 iJu, 
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Seve ral factor* muşi be kepî in mind when making controller ad- 
just ments. 

1. Load ebanges may vnry tbe dy năruie eh arac ieri si ies oi' the control 
loop, re qu [ring eithcr loosc compromise operat ion that remains 
stable, or ruadjustment, 

2, The diais used on controllere to designate mode values have po or 
ac cu rac y duc to the required wide rangeability. This makes precise 
adjustment. impossible and requires that Ehe final step be trial-and- 
crror. 

Once you hsivegamed sume practicai espenenee in making control- 
ler adj u st ment&* you wi II discover accepţahlc shorteuis, Table 12-2 
givcs some g ut deţine* ibaL should heJp with the ty picai loop: 


Table 12-2. GuideJines qfihc Rcquircd Settmgs tor Controller M ode s 


C< mirijl 

L otip 

Proptim i fiînl 
Baml 

î'frrrt 1 

< 1 rinxiţini 

ih'rţi iJî\\ i ■■ 

f-'lpw 

High ( 250 ■ ■ 

Rtsţ ( l to |5 SiC* 


Lcvd 

L.Q Yi 

C':ipac]iy ftcpendcnE 

îîarcly 

renîperflliirc 

Low 

Capaciţy dependent 

L'numIIv 

AnalytL-r-al 

High 

E_ S 1 1 :=] | y slow 

Suni el siriei 

Ptessure 

Lo^ 

UsuaJi) Ea^ţ 

SoincUmcît 


In conclus ton t it sbouEd bc reemphasszed thai a controller must be 
properly adjusied to fit the loop -f proper control aci ton îs to oceur. 
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rhis chaptcr Ims prescnled ihc steps ihal may he employed îo produce 
good cuntrolEer RdUiistmenL 


Questions 

I2« I. A controller i> adjusLed lo: 

a. Spfeed ufi the pm-cesa 
h. SI ost dou-n ihc process 

ţ 1 , Malcta ils ga in -and time fimetioiis io lire proces* 
d- Atxommodâte onlv process load changes 

l *-2, A propoitional-only cont ml Ier is: 

a. Very dtffîculî to adjusl 

b, Kasily adjuswd to accommodnie Eoad cbanges 
v* Slov. io respond 

d, Going to cycle if ihe proporţional bând is too narrow 

12-3. îrl a control loop issinjia tîisce-mOiU: tont rutier [bal bas becn properîy 
adjusted: 

^ Integral li mc vs. i | ] be equal lo dcrivaiîvc lime 

b. 1 o Leg tal rate wiU be equaî lo derivative time 

c. Derivative time v, v i i I be onre-hslf she integral rime 

tL The proporţional bând sliould be [lie final adj ii simeni 

1 2- J r A ticni talion of eaku Înting thc controller sellmgs Lo precise v a] ue s is: 

a. The varying speed of proces respons.es 

br The poor accuracy of thc dhts on ibe eonlmller 

e. Process ermr 

d. Unrel table data 

12-5. The must corrmion adjuslment Leehnique is: 
a- Clo.sed-loop cyeJing meibud 

b. Tirning rnap meihod 

<■ - R e ac t i ou c li rvc a n al y si > mc 1 ho d 
rL tri.il iînd erroi 



Step-Analysis Method of Finding 
Time Constant 


Automatic control of a process fi as hccn dclmed in previous chapters as 
a îeehniqu-e whereby supply to the proces s îs balanced against demand 
by the procesş overtime, Dynamic analysis of the proces* clarifîes hou 
this ba lănci ng tafces place, KnnvvJedge of hovy the proccss llmctîons 
wilb respect to [ime h pro vi de d by Ehe tîmv vimsumh or constanta of 
each component in the prqcess. The se t inie consitmis arc u şeful in 
creating an analog of the sysicm and in selecting the type of controller 
and its opt im uni control settings. 


Block Oiagrams 

The system usualK is represented by a block dîagram, a simpliîied 
schematic, a mal hem aii cal des cri pi ion (malhernallcal analog), or au 
electrica! analog, 3 i". for esample. the proces is a tank wîtH water 
flpwîng în and ouL ..i simplifici! skeich of the process migbt be Jiawn as 
in Figure IA la. The system also ean be *how n in simple hlock form 
wiţh a verbal descriptitm iFigure H-lbi. or the block cm: be labe led 
vvLth a mathematical des.cription of the cornponem i Kigure IA- [ c y t ig- 
urc B-Jd is an electrical analog of the system. The maihemadcd de- 
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F'cH. 13-1- Fiu iii jimcess with Mngk--iime constant Fll>w rate ni is repttşentţid fay A 
f\qw i . lI £- mir. hy El In 1 h ir ekcirk-aJ c : rt: Li ir . \ l- pruncii E'. A Jind i: is Q, 

seri priori ls the most concise, For complex sy steni* the mathemalical 
apprOLich ls al most imperative because drawings are too eompliemed. 
anei a verbal description is long and involved- 

To de-vcrihe a procesa, a mat hematie al ex press ion must reiate out- 
pui to in put ioutpuL mput) and show how one varie s with respect io thc 
other with the pnssing ol' ti mc. Classieally, this ex press ion is a differen- 
[ial equation. dilTerenriaîed with respect to rime. For insiance, the sim 
ple system sbown in Figure 13 la is rtcxscribed by 

A - B = CldH/dn ( 13 * 1 ) 

Ţhis expres^ion stays that eI the volumetric outflow rate iB) îs suh- 
[ rac led from inllnw rate \A ) T ihe differenee equals the area oi the mnk 
liottom [C\ times the ehnnge in head <tfH) du ring a chnngc in ti mc Uin, 
Or, stated differentialîy, rate \ minus râie# times tti cquals the volume 
chunge, 

f'hc hydraulic una log of ohm's Jaw for flnw through el linear resis- 
lance ţ/f) ean hc uscd. Herc {B } , the outftow late, is the eq ui văleni of an 
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electrieal currenl produeed by a dilierencc nf poiemiul un this case ffl 
ac ross y ] inc ar re si st ance (/?). This assumes thiit Ihere is na ' ‘huebpres 
sure/' i . l" . i ihe ptessure aE the outlet is 0 psi. and ihat R is linear 
taelnally rare in hydradîcsL Sutce /:' = IR H 

H = RR '( 13-21 

Substitut! n^, the vaîue for H l'rom Equaiion Li- 2 into Equation E 3 I . 

A R - Cd(BR)/dt ( 13-3E 

Expresslng ti di as S 'as ,is Jonc in operaţional mathematiesr 

A - B = CSBR t 13-4) 

Sol ving for A . 


,4 = BiCSR +- n iii 

This val sie for A eân be subsiituted în Lhe basic ex press ion ibr the 
process; 

STULpUl B B l 

inpţii ” A ' mesa + I \ CSR - I • " )} 

As T (the Limu constant) RCA T can be inserted for RC in IZquatiofi 
1 3'ti: 


OUlp'U L _ I 
in pat ÎS -+ 1 


ll 3-7) 


Tbi.s basic equation 13-7 deseribes one type of firsî-order syslem 
tone v/ith a xingle capac Lance and a single re si st ance L This expre^km 
is often ea! led a transfer fn net ion . it is simply ihe Lapiuee transform of 
she diferenţial equation descrihîng the systeiîi. 

Any two sysiems that have the same transfer fu net ion have ihe 
same response with respect Io rime. 

f-lgure 13-ld is the electrica! equi văleni of the same Sşyxtem and 
wouEd be handled in the same way. 
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I'herefore, 


^ '1 Ofilii r- ^ £|1I 

" rff 


ll 


t/f 


[f 


dfdi = S. 

ihyn 

1 — -^H 4 l “ RCS 

Solvi ng for 


^■■Ll 

g..u 

^ i r'i 


i/£mt 


1 


I 


tfO + ! 73 + ! 


( 13 - 9 ) 


i 13-10) 


(13-11) 


Any single-capaeitance, gingie -resimt ance syslem bas this transfei 
fu net ion, Note Eh al the first-order System can be described tay one 
factor (7). the tirae constant. 

A number of lechniques bave been devetoped and can be u^-ed for 
evaluating the time constant, tncluding: 

L Step analysis 

2 , Frequency response 

3. Ramp inpuL 

Correlation 

5, Stas Li cai analogie* 

Some of these teehniques are casier to perform and re q ui re less 
equipment than otJiers. For ins t ance, the step-anaiysis naethod (which 
wlEI be disenssed berci requires unly simple eqstipmenl and pencil- 
and- papei' calculaţi ons; somu -o: ibe oîhers require comptn.tr evalua- 
[ion, The best melhod in any given instanţe is dictated by the objec- 
tives of the ieşi and the equiprncnl or t o 0 1 s available. 
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Step Analysis of Single-Time-Gonstant Sysieiri 

A stepchange in inpui [o ihe single-iime-constant prccessean comprise 
â sud den in crease in flow rate (A ■ in the process shown in Figure 13- la, 
or a step j 3 sânge in input voltagc m Figure 33- Id. The ouiput response 
curve is shown in Figure 13-2, The time constant of ;i single-time- 
constsiiiE proctss is. iVmmi simply by Mndîng the time reqiured to reach 
63.2 percent of the final change in the o ut put fqltowing the step change. 
The equation for 1 hi s response curve (A m Figure 13-2) is I - e~ f 7 . As 
will be sliown. it is li se ful to ploi the ^percent-snoomplete" response 
U? {r \ on semilogarithmic paper. Such a curve (B in Figure 13-3) repre- 
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î ig. 13-.V Kc^pcinr-sC of s® rcgk L -E :rn c-iron - sUj ni proersi ucl &l" m EEo^ pnpCM. sliOv^ng pe f cern 
complete JtnU pcrci^nr mcnmpluie rcspoireu. 
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sents L hc percent of total inse Ihat hns noi takcn place uL cnch poărtt in 
Urne, Thus. the line start* as 100 percent nad drops do w n-sca le. 

Iii l-igure |3-3, 3inc B is stmighl hecause ii îs ihe plot of .a pure 
exponenţial ie ' 1 \n Figure 1.3-2) ou li logarîthmie sir&lcL furve A ipiot 
of I v~ t,T \ is noi straight, Thercfore, the perecrtMneoTnpIcte 
isiraighU curve 0 ; i is c ho sen and plot led cm thc logarithmic scale. 
When the perceirt-mcomple.ee curve iB in Figure 10-3} ls straight on 
logarithmie paper. ii veri fie s i hal the process has a single lime constant. 

Time constant (7? is the rime for 63.2 pe rec ni nsc to final value 
(connpietion), whîch is the same as saying 36.8 percent mcompletion* or 
36.8 ost trie pe rcen l-incomplete scale. 11 a hon/.on'al line is drawn on 
Figure 13-3 From 36.8 across to ihe intersection with curve B. the ticne 
found on Ihe ahscissa is 7! the time constant For ihfs proces*. 


Step Ânalysis of Twa-Tlme-Constant System 

A iwo-lime-constant process ss assnmed in Figure 13-4. With the switch 
in thc munual posilion, all Feedback or correctivş act ion is eliminated. 



STEP CKAN&E 
■N VALVE 

TftAVEL w 

O 


RE ACT™ l:;..Rvl 
or M E A S U Rf D 
VAR' A OLE 

© 


TIME (3EC080S1 ► 


lift- I>4. ^tcpî-esţ 1 1 1' l iTrocf^wîlh "stric donHtanis i'li.- sy^K-rri sun bu upplii:J to 
Systems willi oiiţ? or morc iirne suirisianţ*. 
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Nexi ti step change is ta ppl iest (o Ehe valve und The reSâÎLiinT change in 
irteasured variable Iteactîon) js reeorded (Figure 13 5 ). The magnitude 
of the siep is noi ernicab ihe sEep should be lariie enough io produce îhe 
nec essary du ia, buL mu large enough ro dsslurb prove s-s operat ion or io 
cause [Ml- proces* lo esceed iis normal or linear limits. In general, liie 
targesi allowable upscl îs [tic hesL if ihe upset musf be kept smaLb The 
recorder can be recalîbrated to expand Lhe reading. brom the re suit irig 
re ac £ ion curve, the first- and second-order Time eonstants can be evaJu- 
ated using the “percenl-i neom plete 11 method. 


Percent-lncomplete Method 

brom bigu re 13-5 (Ihe reaction curte for a tvpical second-order, two- 
ti mc- constant system) percent incomplet ion of Ehe procesat 300 perceiU 
minus pereent compledon of the processi \> calculalcd and EabuSated, 
Note tbut ifany dead Li mc is known To exişi, it should be subtraeted 
from Ehe time coordinate of cach percentunconnplete poinr Dead lime 
lal.so ealled transporta Ei cm timel is reveaJed hy the reaction ciirve: it is 
Ehe time ri takes for a change m va ri ah te to "Era vel'' to the measure- 
meni point, No stich dead time is present iii the Figure 13-5 curve — Ehe 
outpuE begrn.s to ehange immediately , For example, dead time m a 
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heating proces eoni ti ne ihe ti mc required for rhe heated Hui ci \® reach 
a meusuring dtnuini located some distance dpwnstreami rben ealcula- 
liorts would be made from a re ac ti on curve whose time axis Ls shifted to 
eliminate i hi s deud li [nu. 

The percenî-in corn pkte curve fe piotted ort semilQgari'thmic graph 
papei' (Figure 13-til: peruent incomplet ion is piotted on the vertical axis 
and ti mc on the hori zon tal ax ia. At Mme zero no cbange has taken place 
and the re act ion is 100 percent wcvjro/jfc'te i curve A in Figure 1 3“6î- 
ln order to determine The first lame constant i7','b curve B is diawn 
by extendtrtg the linear pod ion of curve A back to The zero-time axis, 
The tnîercepl; of curve B at zero time is point In Figure I 3-6 point/^ 
is 133 per cent. The fim time constant i7',î is Lhc time it takes curve 11 to 
reach 30.8 percent of P L - Time constant / . is io tind by marking a poînî 
al 36.H percenl of/*,. U\ Figure 13-6, 0-168 ■ I 33 49 per- 

cent incompîetion. The time ii take.s lor curve B to reach an ordinate 
(vertical heighl on the graphj cqual Lo thai of / J . : (49 pereeni incomple- 
tion) In Figure 13-6 i$ 2 minutes. Thiis, T l is 2 minutes. 



I tft. 13-ft. j miliKtgtwQ tlm-C c< ■i^ist ti n L k hy [hc pi; tl - ct L -inco m pk'ltf rriL j LhoJ 
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Curve C h plotted to determine the value of the second-ordertime 
constant (1\J. Curve C is ihc n umerii; ui differenee hetween curve s R 
and -V. al any linte ihe ordinate of curve C ls equal to the ordinate uf 
curve R minus the ordinale of cu ne A. [f curve C is noi a siraighi line, 
the system cannot be completely represented by two Linte con st an ls. 

Curve C has a zero- rime intercepl (point P A i of 133 percent minus 
100 percent, or 33 percent. Point /\, is 36, percent of or 12 . 1 
percent incomplete. 

The second-order tune constant (7 »> ls equaJ eo the time iî takes for 
curve C to reach an ordinale of 12.1 percent incomplelion. In Figure 
33-6 this îs 0.5 minute. 

As an approximate check on the plot ting, the zero- time intercepta 
of curves R and C may be found by u.sing The time constanta in the 
follovvmg exprevdons. For P { . 

P; = (£3 U> 

From the graphicaJ solution iFigure 13-6), I , equala 2 minutes and 
7i equals 0,5 minute. Therefore, point f\. the vertical mtercept of 
curve R r equals 


1\ 



E.33 


or 133 percent. sv hi c h is eorrect For/- 1 ,. 


p = ** 

* Fj - r £ 

= u-J 

’ 2 - 0.5 


0.33 


1 13-1 J> 


or 33 percent. which is correct. 

Thus. the connputed values are consistent with the graphlcal values 
of Figure 13-6. 

Using ihc time Constanls. the analog equivalent of the system ean 
be con st mc led hased on its transfer function This transfer fu net ion for 
a first-onder system i.s I ''iTS -I- l), The percent- incomplete curve for 
such a system \v:ls shmvn to be a stralght line. For the second-order 
s y s te m d e s c i i be d a bo ve , the t ran s fe r fi ] net i on w< > u 1 d b e 
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5 + i 


i 


r,5 +■ i 


where £ a consta cit. 

The percent- incomplete mei ho d Works well for secund- n rele r Sys- 
tems but ii is noi generali y practicai for Systems of higher order 
beciiuvj data accuracy usually is limitud. However, w she hcsai- 
cxehanges (multicapadty syjitecm anaiysi* which will follotv» Lhe 
results are comparabie £o those obtaincd hv more sophisticaţed melh 
ods In general t the pereem-ineompleEc method cart be used wiih suc- 
cess for alE seeond-u rdc-r systems except those where curves A and B 
are too close to oue anothen 


Multicapacity System 

The heat-exe hanger response curve sbown in Figurc 13 7 has a grcaEer 
lag rhao fhe curve of Figuri: 13 ^ lor ihe iwo-umc-corisLant &y stern. 

I hus, the variation in ihc nev curve A in Figure 13-tf The graphieal 
sointion for the rime constant* procecds as fuJIows: 

1. Tabu late pcrccnl-incomplcte data Esînce the measuring element is 
noi Iocated at any greal distance, the re is no prediciable dead 
lime). 

2, Plot ihe ixircenl-incomplcic curve un scrmlog paper (curve A in 
Figure [3-8), 



t I .v 7. R f * (Ki n o f nil j]1 iplc - 1 i m v-c{>n s I :ini System . 
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3 h Hxtend iru: linear port ion of curve \ to form curve B and cstahlisb 
poirtL F * I 76 pcreenU, 

4. Poîm 7\ -a l[i.j:i 1 s 0 .a 68 of 7 > , 1 Front puiul I\ \ 66 percent), draw a 
horizonial lint? tmîii ît intersects curve B. The tengtb of tltis line 
representş ihe firsl ttme constant (tt.? secund* ), 

?. Plot curve C hy suhlraeting curve A front curve B (i.e., 
7* , - / > ă - / J :î j, r :i is the puiuţ where curve C iniersecis the rero- 
tirne ilxi> i7e* percent i. 

fy* Point F i - 0. Ji68 From P , ţ.2H.ă percenu, tlruw a h orizont al line 
ynttl ii iniersects curve C, The lengfh of this fine represents 77 (7.4 
secondsj. 

7, Us lag the ehcck previously described in the text. verify the Eimc- 
eonstant values. 

Since the beai e\e hanger îs a mukicapaelty r nudEiresisEancc pro 
Gcss eon Mining many lime constantă, the va lues of F- and F do noi 
check exact ly. However. Lhc t i mc con si an t% t’ound by the percent- 
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î meu in plete nietbod :tre_ in this case, ne ari y equal io ihose fotmd by 
mo re exfleting mclhods. 

Fînding Control Modes by Stop Analysis 

Step-change procesă- re aclion turves not otily reflect the dynamic be- 
haviorof a procesă, but nlso are a mcams for finding the fvrst^order and 
secund -orilor ilme consiants. Hiis is done by using the periştm- 
incomplete metbod- Tbcorencally , îhîs methud coiild be used io fmd aii 
of the [ime constants in a process, b»L usually ii is limited io second- 
order systems in whieh ihe rime constanta are of diferent magnitudes. 
Equally important, ihe reaction curve reveais the best control act ion 
for the process, and ad di donai data from ihe curve can be used in 
calcuiatîng the optimurn controller adj usl mentă. 

Threc cri ieri a are of major im port ance in designing a process con- 
trol system. One, conţin nou* cy di mg of tbe corn rol led variable must be 
avoided (except wherc oit'off control is acceptableJ. Two. ol- cei shouW 
h c kepi Io a minimum. Tbree, control should be capable of ret urni ng 
the variable to the set poini as quîckly a* possible. l or a given procesa 
the simplesl control system ihat si iii metis these requiremcpts should 
be used. Information from îbe step-rcaction curve con bc used in the 
se lec tion o f bc s i c on l ru I m od e . 

Procvşs controllability (or difficuliy'i is revealed by the ăliape of the 
rciLcuort curve i'Figure 13-^1. 1 he nat u re of îbe response can be ap 
praised by iwo factors: the Time (\f) it takes the curve iu reaeh tts 
maximum râie of cbange. and the val ne of the maximum rate of cbange 




I- i 15 . I A- 1 >. J v piu j pon se cnrv t* sui" *y s£ r m s w i l ll m 1 1 lu pEc - 1 : mc- m n Mat U s . ] \\C 
iLiniefll is etinsimeted nl thv cLLrve's maximum mie oi'rise. D is driay lim e: \i îs '.ha. 
lirtse maximum rate uf risc. 
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' -I :.>pe of the tangent licit in Figure 1.1 9). In general, the large 1 the 

produci ol" these nvo factors t hat is, the more pronuunjed Ibe ,l S” 

shape of the re spun se curve — the more difheuh the process. I'he pro- 
cesa represented by The curve al the righl m Figure 13-9 is tbus more 
difficuli to control Than the proces represented by the curve at ihe left. 

Orv'Off Control Action 

The on/off ([ wo-pos.il ioni controller operate s only when The measure- 
meni crosses the set pâini, In o n. o M‘ eoni rol, a valve vvould have only 
two positions — fully operted or fully elosed; the energy or material 
supplied to the process is always either loo rnuch or noi enougli. As ti 
re suit. the o ut put meas urc meni always cydes above an ti below ihe seî 
point. Howevgr, when on.' oft' control is applied to the right type of 
process, the ampl it.de of the osdllaiions of the controlled variaţie is so 
small .hat the om put appears to he constant. However* smatl uscilla- 
t i ori s are always presenU 

O n.'off control îs best applied eo a tar^t'.-capacîfisiicc proc.es s that 
ha$ c$seniîally no dead (irite, sucb as a large tank or bath. The rate of 
rise (or fall) of the oulput curve is susai! beuause The energy infîow is 
s mal! compăreţi wath rhe large ca păci lance of the system. Fhe response 
curve would be more like that of the left curve in Figure 13-9. A .vvayl'w 
'•vhrre i Ir o ti timr i.\ otoyţ and rate 0/ mc ts shm \ nn hr handtrd tidrqntilrly 
by onitfjf ivntrvl. 


Proporţionali Control Action 

Proporţional action is required for control when Ihc sy steni has srnall 
capacilancc and ihus a faste r resiponse to input changes. 

A proporţional controller coniinumisly Eh rotile* a control valve 
when ihe mea sure meni is wirhin alhartd 1 Figure 13- (01. A 

narmw bând means fu 13 valve travei fora narrow range of vâri ah Ies; a 
w ide bând means tlinJ ihc variable moves o vor a wider ninge before fu 11 
valve travei oecurs. Unlîke on/oif control, The proporţional controller 
can "meLcr ,L the cnergy input to counteract variations from the desired 
set point. and tbus mainUin one control point without oscillation 
around the seî point. 

With proporţional control, howevcr, otTset occut's duc tu toad 
changes, Diis is unde si rable in same sit milion* Narrow mg a propor- 
ţional bând can reduce tlie nmwint of offsel. huî coo narrow a bariu 
leads Io cydîng. Accordingly^ the proporţional bând set ting for op- 
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F^, LV | Ch. idil tiCi^ccn valve pflosihnn anei mcaHiircmcnî i or d i fTf^ciL prapori icnâl 
l?r in<ls. \ narrow propnrtaufiaL bând rneari.s eoni rol ivit hm n&rnyw limiLs. 


LLmum control ts een-eraUy just above ihis criticai osciîlating poini ţFig- 
uns LV 1 1 ), 

\ bîvth room shower is an ex ample of a small-Capadîy process. that 
ii. the Capac i lance of ihc şyslern ls small companiei lo the flow. fale of 
cncrgy to the system. I'he reacLkm curve for this system would show 
îhat the lag is reiaţi vely short and the response i* rapid. In tact, moşi of 





62 


SET PQINT 


to 


PROPORŢIONAL BÂND 
, 


ÎZ @ TOO WIDE 
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CO R-RECT 


h'ig- 33-1 1. Curve A resulis when ihc propti mnal hnnd is [tul iviilt" OilsenidtivtfL 
OscilTaiion :om is'jţBl u li co hnind îs too nairow 1’TopyrtioniiJ h^nd tLzULrt^ for ^ptiinunu 
a 1 1 it i 'ol < C : îs j 1 1 a No v e t hc p o mc o I' o se ■' l.a i on 


.ms cont îpi i.no:n ai>ji.>tmem amj anal.v^js 


this i.s lagin Ehe measuring system icself. The rate ofrise of temperat ure 
in a shnvver is faste r l Mlmi that in a bath because Ehe volume per minute 
of e licorn irig hol water is larger in corn pari son wLth total volume of 
wmer in the sy stern. Thus, a shnvrer wouhl need proporţional control 
wliereas the batiu tub cart usc oiv'off control. 

The response eurve oi' a shower proces* would be similar to thaE 
illustrated mi inc curve ni Ihe righr of Kigure IT l >. .Si nou Ing is short anii 
maximum râie of ei se is reiat! ve3y high, proporţional control act ion j$ 
the proper select ion. 


Proportiona l-PIus ! ntegral Action 

Foi sanie proces se s — for ex ample, Ehe measurement and eoni rol of 
ftpw a wide proporţional bând is necessary to eliminate cyeling. A 
vvide bând mcans that large amminis ol'oM'sel can occur wiih chang.es in 
load . and ii is necessarv to inlroduce a control function ihai u iii reduce 
offsel and thus re turn the mea sure meni rn the set point even if a toad 
e ha n ge oc c u rs , T h i s fi j net r on v. as I i r s t kno w n a s a ut t >/? r a ru ’ resei 1 1 ig u r e 
13-12, but is no^ conced y called integral action. 

The re spân se curve of the 11 o w loop shown in Figure 33- 13 might be 
similar to thai dlustrated by the right curve in Figure I $*01 Note t hai Ehe 
process takes lt reiaţi vely long lime Io reach its maximum rate of risc, 
and thui its maximum rate of change is higher Ihan the larger capacity 
system represented by ihe lefi curve in Figure 33- 1 -* 
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Ffc£. (3-13. Ri-'sîxjr.hu uf ii flo-w lyoj.i to load clmnfţe. 


Proportional-Plus-Derîvative Control Action 

WhlEe ii is pos-slble to use proportionul-plus-inLegraS action on difficult 
t mu kica păcii y) processes. recovery ferm process disturbanee* often is 
idow, |n many sucii cases.. tlerivciiivc acîiiu\ cnn be added to hasten the 
recovery. 

Derivative agii™ of the controller proporţional io nbe rate of 
cb Linge of measurmenL Therefore. the control valve reache& a given 
position sooner ih&n ii vvould vilh proporţional aci ion alone. Silice tbe 
a mo unt of "lead" [hat tbe valve bas on îbe rneasurement is propor- 
ţional to Ihe râie ol' cbange of the measuremem . derivative action can 
he described in lerms ol linie, If derivative limes is sel in accordance 
witb Lhe requircnients of the process, the proportionLtl bând may be 
narrowed withoul crearing instabilii y ( Figure 13-14). 

Proporlitmabplus-derivative control actions are genera 3 ty em- 
pEoyetl on dtsconriQUOUs processes (for exampte, baiching operalions 
involving periodic shut-down. empsying, and reti Mingi Hc-re, the pro- 
porţional and integral combinaiion would not be applicable because 
ţi mc îags are long and opcrarion is intermittem. 

Proporlional-pliis-derivative control action atso is recomniended 
fo r procese s e m ploy mg duplex c on 1 1 o I ac t ion vv h e re o n e ot the i w o 
control meehanism* always i> inactive, In these silualions, derivative 
Control action (bec au se l\ îs rvjjy st'nxiiiiv) permiis usc of a naixower 
proporţional band r îhLis reduci ng the devialion of measurement front 
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Fljj- î J- l-t- Addimtn ui' derivative frate) actinia 'c£ui ii-Fccti permia a n&rrower piti peruanul 
baud wilhtfuE cTCiUmfl insiatiihîy 


the set pâini. Derivative act ion also reduces the li mo uni of overshoot at 
the start of a bâte h opentrion. 


ProportSonal-Pfus-Derivâtive-PliJsdntegra] Control Actîon 

A gas-fsred oii healing furnace i Figurc 13-15) prescnis a diffîcult control 
problem. The meusuremenl h slow in reacbmg the maximum rate of 
îi se (similar to rigbt eurve in Figure O-lL but the maximum rate is 
bigii. Folio wing a change in valve position, the measuremenl is slow Lo 
change bec an se !he furnace has lame capacity and the re is lag in the 
mea su ring sy stern. I lowever, once the proces* is imder way., it reaches 
a taigh rate of change bec au se The heat ca pac li y of the furnace is lame 
compăreţi to ihe heat ca păci ty of the lluid in i he furnace tubes (oii), 
The re fo re P all tbree .control mo des (pro porţi ouai -plus integral-pfus 
de rivali vei can be employed to advamage. 


U&lng the fteactEon Curve to Determine Controller Adju$tmonts 

A passive sy stern is one whieb has no independent energy snpuls: pro- 
ces* gain can never cxeecd unriy. For passive proccsses, the re are 
empirica! formulai whieh predici ihe optimum settjng> for pro por 
tionai, integral, and derivative control aetions. Foiir quantiries are de- 
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F'i£- L5-[5. Gîîs-fircd furnale th â ''dîflîeudt'lo-conlror' pruccsi; th^l rL-quire.K 

mIL direc control m.odes- 

iermined from the process re act ion curve for mehision in ihe formula*; 
li mc dciay, Limc peood, a raiio of these iwo. and phmt gaia i Figure 

n-ia 

Wîth u 3 ine «lrawn tangent lo tise curve al its poiru of maximum ri$c, 
the time delay (/.?) extends from zero on the horizonml axis lo the poinl 



Kijr. \}. Ui. Tan&cru îo rcsponw curve at pomi of maximum dope gucs basic tune 
factors L aud D, 
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whcre lhe. tangent line miercepls rhe rime axis. Tiu: timt perind (/,) 
extends froin tbe end <jf lhe delay period lo Lhe lime at which lhe 
la ti ge ni iniercepts lhe !00 pertent eompfetion (maximum measLire- 
mcni:- line. The nuia iR\ of.the rime perind ki lhe lime delay descrihes 
tbe dynamie behaviur oY the sysîeni 


R = L/Z) 


The last para met er io be used in lhe equatibns îs lhe plani gttin iTi. 
Plant gain ss defined as tbe pereenL ehange in lhe contiolied w*riable 
divided by Lhe pereeni change Eu tbe mani puia ied varmbLe I valve 
stmkei. 

For lhe response ofatypicul beat esc hanger < Figure IT IM, D - 4 
seeonds and L — 12 seeonds. The ral in [R\ îs 

R = L/D ~ [ 2/4 = 3 


Sincc Liie spân of lhe measuring tninsmitler is 200* F, and Lhe 
tempera iu re diange îs U>°F, lhe percenl ie rupe rai te re cFmaee îs 

liihli- 13-1. t om rol Actinii Relatuin^hips tor r 'ir IdeAli/cd Con 1 rol Ier 
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30^F/2GLi"’F U.13 ]5 pere cm. The percem change in valve travel 

whieh produc ed ibis temperalure risc was 5 percedt, The plani gaJn ţ£ v 
therefore* 

r - 1 5/5 3 

The empirica] eqiiarions in Klgure 1 3-9 describe the optimii m pro- 
ces con [ml set rings for each of threetypes of control act ion s. They are 
defined for the idealized controller and, [hem Porc. reqmre dight eorrec- 
:ions. dependingon actual c om rol le r configuraţi ons. They cîo. however, 
provide a cJoae approxi mation ta optimum settings. The equatum* arc 
based on ihc worfc ol" Chien, Hrones, and Rcswtck i.Rcf. 3) 

For control wiihout overshoof, one of the firal two columns of 
Table 13- E îs used- II 20 perceni overshoot can be tolera ied. Eden the 
fonrnihis in ihc ihird or fourth cotnmn are applicable, Overshoot, as 
shown lci Hgure 13-17, reduces ihe lime ii lakes for the measLiremcnî io 
reach ihe set porni. 

Since a Ireal exehanger is classcd as "ditlkult io control," It pE'oba- 
biy will re q ui re all three eoni rol aci ion s — proporţional, integral, and 
derivaitve. In the reaction iest. the step change was in !he manipulatei! 
vâri ah le and H assuining tro oversbool. the for mul as in column I would 
be used. Again. R ~ 3 (dimensionless), C = 3 {dimensionless), D — 4 
seconds, and /. = 12 seconds. 

Substitut ing imn [Mc equations iri Figure !1- L T 


Proporţional bând 167 C:R ~ 167 x 3/3 = 167 p^rcent 


Iniegral ti mc - | .67 DC ~ 1-67 x 4 x 3 ~ 21) seconds 
Derivalîve Ie mc ~ D.3 RD C - 0.3 x 3 x 4,'3 : 1.2 seconds 



!■ i l; . 13-lî. R*3|ioi)se fi o ni u iitp ciiari^c iu t'tLatiipu]arA3l *ui -i'ble for ^nickfl>fc rctvivcrr 

witb rco Dver^hudl ifrfti itrcJ quitikusl retiuvcFy w\'.]\ pţjrutrtE ovi-s sIil'-jI l- r r I 
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t onirollers mart li lac iu red by The 1 -'o >: horo Cnmpany are of' îhe 
serLcsconnected type. Hor ih-i^e control lers, ihe proporţional bând 
rteeds no correcHon factor, However. the integral rime should be mulţi 
phcit by 1 00 poroent PB and i he derivative muliiplied hy percenf PB/l 00. 
The corrected va lues the re torc, are 

Corrected integral rime - 20 X 100/367 - 12 seconds 

Cor rec ied derivaşi ve time = ].2 x 167/100 - 2 seconda 

Many other conirollers are pa rafiei connected, [f a pa rai tel 
connected controller is c ut pl oy ed . tise co rrecrion becomes considerahly 
more complex. 

These val nes have heen eonh’nned hy actual Eests on a heat ex- 
c hanger, t'he resulîing recovery curve is similar to the le 11 curve in 
Figure 12-10. 

[f 20 pcrceni overshool is permissuhle, ibe forniulas in eolunm 3 
would give 

Proporţional bând - 105. 2C/R =* 105.2 X 3/2 = IG5.2 perceni 
Integral time - 1.43 DC = 1.43 X 4 x 3 = |7,6 seconds 

Derivative time - 0.45 RD/C = 0.45 ■ 3 x 4 3 - 1 .8 seconds 

I he corrected valueş of integral arid derivative are: 

Corrected integrat time 17.6 * 100/105.2 - 16.9 seconds 

Corrected derivative time = IJX 105.2/100 » 1 ,89 seconds 

1 hesc . 1 I -.0 ha v e Xcn eonfîrmtd oel a Ijl-îu e.\e hanger, aitd 

resntts Lite simtlar 10 the right curve in Figuie 12-17. 

The -uep analysis of a reaetton curve is m>s exact but ls an empirica] 
approximation, Kowever, ii rcquires htile or no special equtpmenc and 
^erves as a reasonably complete klenti ficat son of dynamic behavior, 
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i(rK/20rF = 0.15 = 15 percent. The percent change in vulve travel 
whiuh proJitced this Lempcraiun: risc was 5 percent. The phmt ga in i.s, 
Iheretbre, 

C - 13/5 - 3 

The cmpincal eqnations in Figure 13-9 dese ribe thc optimurn pro- 
ces* control setrings lorcaeh nfthrcc types of control actions. They ii re 
delîned for the ideaiized controller and, therefore. reqime slighi correc- 
tionsq dependmgon aetud controller configurat ion s. They du. however. 
pro vide a do se approximation tu oprimam sctlings. The eqnaiinns are 
based on thc wdrk oi'Chien, Hrones, and Reswick fKef. TI. 

For control without o 1 -, ershoot, onc oi' Ibe tirsi [v.n eolumns of 
Table |.V| is used. If 20 percent overshoot can be loJeratcd* then ihe 
formiilas m the third or fonrih colnmn are applicable. Overshoot, as 
show n în Figure 13- 17. reduces thc rime ie takes lor the mc a sure meni Io 
reach thc set poinc. 

-Since a heat exchanger is cîassed as "difîiculL to control, il proba- 
bly will reqttire all three control act ion s proporţional, integral, and 
derivative. In tbe re ac tion test, Ihe step cbange was in the manipulated 
variable and. assuming no overshoot, the fermul as in column I would 
be used. A ga] ti. R = 3 ( dîmensipnlessf. C - 3 tdimensionJess), D = 4 
seconds, and L = 12 seeonds. 

SLtbsritming into the equatîon-s in Figure 11-9. 

Proporţional bând - JfT 7 C/R - 167 x 3/3 = 167 percent 
Integral lime = L67£>C = 1.67 >■ 4 >■ 3 = 20 seconds 
Derivative ti mc - 0-3 RD/C - 0. - x 3 x 4/3 — 1.2 seconds 



l-'Eg. 33-17. R esporiiis frorn a _Mi:p chinte ir. piani pu Sa ttd variaţie toi qu \c kt- st recii very 
u-ith m sîVdrili.Out Itcjl i ^nd q; u it; 5cc.*st rcCQvery uirh 20 pcrceill OvtrsKoor \r:f*ht 1 
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Questâons 

I J™ l, A transfer 1 'ljncc son lelaies: 

a . In put Lo ou t p ui u i. ten ual i un 

h. Inpiil potenţial Io putptit ppleniial 

c j In put Jead ti rine Iu ou t put dcad time 

rl. Behavior ol'Thv ouipui to the tehavior of the in pi li 

3 3-2. When used in block diagram ihc lri.-tn.Hter rlmcnon i*i 
tu A ^hcuthawl notat ion 

b. An algebruie formula 

c r A s mi i e t x pro * s im i d e mc 3 ■ hi ng ; I te re Jab mi ship 
d. 1 se Le ss il'more than une lirne constant i'i invoKed 

13-3, The per ce nţ -incomplete method enabtcs you lo determine 1 ho 
following: 

a. First-., se tron ti-, and lbird-urder time constant 

b . ] ' i 1 h [ - ; n id sec L>nd-o ide r l i m e c cm s ta nls 
r. Second- and tbinL-order time constant* 
d, An> ntimber ordmi. 1 oonslams 

13-4, The perccnt c Om platinai curve es I u 1 77 l. w fierea ss. thc na! ural 
Inj-rîi l irlim h; 3 te ^ 7IH r -k ;u'.1 iiat [imt: . 1 m. I 7" * rime-cons tuill time.. When ibe 
acu ud same equals thc tune constant t?me. thc curse : 1 1 be ;-o rhe lollowmg 
P ere cri t age t d' co 1 n ple 1 1 on . 

â. 36 percenî i\ lUOperetnî 

b, 63.2 pi; r cetii d. i) pcrccnt 

13 -5. Fure dead time such as Iran 5 porta Uon lag; 

a. Should he suhta’ncted horn the time c nord in a ic lor eacb 
pe i cc n t - 1 nco rnplc t c pot m 

b. Makes the percent incomplete mclhod uscless 

l' . Multe* The pe rcent- mc umplere met ho d mo ne ac carate ^nd \er^ usc ii 
eJ. ŞhiviuU he .:ikSeLJ io rhe time coor'disiaie foi rj.icli pe rcem- incomplete 
poinl 
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13-6. I hc sini pe of :i procesă rc act ion ciiî've rudicaics 
y« Procesă produc tivity 
h. Protcss safety 

c- The type cif eon croi valve rcquîred 
d . J Yol L - ! $ con t rol I ubs 1 1 L y 

1 3-7. Oii/otr eoni rol can be e1t>ct i v e 3 y applicd li) a proces* wherc 
m. Dcud lime ss *hniî and tliîc ufrise ts sluv 
h. Lag is shoil and m^imum rate of nse b. high 
t . The operat i on j > c on t ui u o i i -i 
d . I )e ■ i lJ i inie iag i s J css i ; î a n ? m n n 1 1 r s 

I3-H. A pas sive systcm ii one thas: 
ii Has 0 gain 

l>. Has no independent cncrgy in'puts 

c. Will ne vor e.splodc 

îl. [ş enlircty safe for a n y mie to operate 

I34J, An inapectton of tiv: rdationship* for the Ideali/ed controller: 

a. Weve^ls Iha* integral time always equals derivative nme 

h. Provcs chal. pmperîy apphed.. derivative teiuls la.-, stabilire thc system 
L-. Provei thul. pro perl y applied, integral tends m st abili ie thc *Y*tem 
dr Lslahlkhes ihe vhîucs of the proces* tu ne eon *r ani s 

13- ML A control valve i* moved 5 pcrccnt and tbe resu-llant reaetion curve 
has a D \ aîne of 3 se con J* and an /. value of 9 seconda, The measuring 
transmiîter has a spân of 400" K and a Ger thc pmcess bas restabM^ed. Mie 
rempcralune is 4lfT above The iniţial value. A ihree-modc controller ha.* been 
seiected io control the proces, The approximale confmder settings for no 
ovurshoot wouîd foe: 

a- PB = 1 67 pereent, Integral li) seconds, Derivative = 1.2 seeonds 

b- P!î 1 00 percent. Integral 44 secund*, Derivative 1S.5 sec'ftnds 

t:. PB = 74 pe i Cent, Integral = 4,4 secund*. Derivative 1.&5 seemuJs 

d. PB = 1 10 percent. Integral 10 seconda, Ikrivalive l.^seednds 

I.ML Having calculatul ihe conirollei adj ll nţ meni* and uialed ihcrn nto the 
cont rol Ier v-e s hun kt llten: 

a ■ Ne ve r aga i n io uc h t he e uni ro 1 1 e r 

b. Prim Ehe adjustnienî* in şmal încremeni*, carefuliy observ mg ne 
resuli* Lirtlzl the opti muit) re suit* are achic^ed 

c. Apply thesc ne*itltş to ever> other procoss in the plani 

d. Applv thc se resnlts oniy ;o the proccss from whtch thc data vrere 
obtained or tu similar systems in the a re a 

I3’T2. A hcat exe hanger js ^ticccs*fulJy control Iod vith a ihree-niode 
controller Then. doc lo an accident, thc mcasuring iran *mi eter with a spân of 
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2 00 } ari i.j ol bc 1 c pi ; icetl . l ise re ptac e rnen L t ra n s m icter îs vcry *= i m i 1 ; i r . h m \ i h t 
same cent er veate leadmg. hut bas a sp;m ni 'îttti c F_ Atl ine conlmller 
adj u simen [ s ■ 

a- WiL] rcmain ibe wrnt 

b. Musl be nit cred by u fac tur of I 5 

c. Must bc LiJtcrcd by a fac! or of O.tiG 

d. Wi]| renta in ihc same osccpl for Lhe proporţional baruL wfncli wi\\ 
become approxiniateJy iwo thirds ot its previou^ vll1 li c 



Frequency Response Analysis 


Open-loop frequency response analysis of a control sy stern or its com- 
ponentă provjdes dynamic charaeterislies of Lhe svslcm. Corner 
frequencies re voal tbe Linie constant*, 

rhe step-response mei hoţi de.scribed in Chapter 13 provides a 
rneans for oh Lai ning tbe process rime constantă and for selccting ihe 
type of controller and iîs optirnum scttings. Ahhough (he method is 
simple and usually sufhcienî. there are timitaiions. For example, a şlep 
upset conld dLsrupi process operai ion i n a plani, 

Frequency resposise is anolher method for unakv.ing ihe charac- 
terisLies of the process. Sinee ii u.sually is less upset ting La a process 
Lhan şlep respoftse. rt ts mo re widely applicable. The data ricrived from 
a frequency test can be used io indicate lhe type of controller, optimum 
scttings, and olher factor? influe'ncing Lhe design of the process and îhe 
control system. 

The basic leehnique consistă of changing a variaţie (such as ihe 
inpui signal io a valve) in sinusoidal fashion and measurirtg its eticei nu 
the system. bor exumple (Figrire 14- 1). a sine-wave generator arid a 
transducer can be nsed toapply a pneumatic sinusoidal inpui signal toa 
valve actuator. The resuking vâri al ion in process o ut put presşure is 
recurded and is a mea sure of the sy stern ies pun se (valve, surge tank. 
piping, aud presau re devzee) Io the inpui signal. 
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What happens io the sinusoidal signal that îs iriinsmiited? The 
frequency of the outpul signal is always the same as that of the inpuE 
but the amplitude ol' [be pressure va rial ion will c hanţe. As the Ire- 
quency of [ho input signal (valve press ure signal 1 increases, the ampli- 
tude of the o u.t put [pressure signal will proba bl y diminish, The ratio of 
oul put signal amplitude to in puţ signal amplitude îs the l ; - : j /vj L?f the 
s y s te m . şomeri mes caii c tl a ? ? r p lîîic ih m * . or <v ttt'n t m tiun < w 1 1 e n g a i n i s 
Less thnn imîiyj. 

fhe second ha sie consideration is Ihe change lei piui st' which the 
signal undergocs. Sinee ihe sur ce tank acid piping contribuie both 
capac i Unce (O and 1 esistance [R \ to the System, there will bu a lag that 
produees a change in phase— that îs, ihc cmtput fluctuations will noi 
occur simukaneously with ihe in put fluctuatîons but will be offset in 
Ei mc. Since each RC component in any system produees a lag. and 
silice the lag depcnds on the frequency. a certain combinMion of fne- 
queney and, gain will induce cycling in any closed loop operation. The 
control svstem designcr must see that :hi> cumhinaiion does not qccU1\ 

Gain and phasc shEft should be noled ovei a ninge of frequcricies 
from very low (wbcre anemiat ion and phase shift are minimali to high 
iat which aitenuation and phase shift arc marked). Ty picat input and 
outpul signal s are shown in Figure U-2. Each charl shows the gain and 
phase change at a given frequency. A serie* of such chart> givcs the 
amplitude ratio and phase shift for many t'requencics. Gain and phase 
versus frequency ihen can be ploUed on a Ho de d lag ram (Figure 14-3). 
Tf special tîode grapb paper ls availabJe, the iwo grnph> can be plotîed 
on the same piecc of papei : otherwise separate sheets will suffice. 

'T'hc gain can be expressed in ierni s of amplitude ral io ou a loc 
scale, or decibels on a linear scale as shown in Figurc !4-3. (The decibel 
raEing is equal to 20 limes logarithTn to the base of 10 of the amphELjdc 
rado. 1 ' Using either of Lhesc scales, the gains of individual system corn- 
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ponents can be added graphically to produce the gain of the entire 
system. This is the same as multiplying the individual gains (since both 
scales are based on logarithms), and the product of these gains is the 
gain of the entire system. 

Although the frequency response technique is theoretically re- 
stricted to linear systems, nonlinear systems also can be tested if the 
amplitude of the input signal is kept sufficiently small, and provided 
there are no discontinuities. 


Finding the Time Constant from the Bode Diagram 

The Bode diagram of the valve shown in Figure 14-3 is similar to that of 
a single-capacity single-resistance system. The time constant of a sys- 
tem is the time it takes to develop one radian (one cycle divided by 2ir) 
at the so-called corner or break frequency. Gain (G) = 1/(1 + jwT); at 
high to, G =» 1/jwT; where G = 1, toi = 1; T = l/tu. The corner fre- 
quency lies at the intersection of the unity-amplitude-ratio line 
( gain = 1 , db = 0) and the line which is asymptotic to the downward 
slope of the curve. It is a measure of system response; the higher the 
break frequency, the faster the response. In other words, as the flat 
(horizontal) portion of the curve extends farther to the right, higher 
frequency disturbances can be handled. In Figure 14-3, the corner fre- 
quency f c is 0.2 cycle per second; therefore, the time constant is 


T - 




0.2 


- 0.8 second 


( 14 - 1 ) 


Testing a System 

Figure 14-4 is a block diagram of a heat-exchanger control system. If 
the transfer function of each component or block is known, actual tests 
are unnecessary because a mathematical approach can be used to ob- 
tain the response curves. In some cases, curves for components such as 



Fig. 14-4. Block diagram of heat exchanger control system 
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transmitters, receivers, and valve motors are available from the 
instrument manufacturer or from the technical literature. An entire 
process and its control system can sometimes be simulated wholly on 
paper with no equipment necessary. 

If a step-response test has been performed, and the time constants 
determined, the frequency response curves can be constructed by using 
the time constants — because the response curves for a first-order Sys- 
tem have a characteristic shape. Since the time constant is known, the 
corner frequency can be calculated from Equation 14-1 and the decibel 
curve can be fitted to the corner frequency valve, using a slope of -6 
db/octave (gain decreases by a factor of 2 as frequency increases by a 
factor of 2). 

Location of the phase curve for a single time constant system also 
depends on the corner frequency — this is where the 45-degree phase 
shift occurs. At corner frequency (a>T = 1), G = 1/(1 + jcoT) = 
1/(1 + j)> representing a vector at an angle of 45 degrees, with length 
1/V2, or 3 db down. This curve is shown at bottom in Figure 14-3. 

However, a frequency test must be run if response data are not 
available for all components. Although each system component could 
be tested individually, it is easier to group several components and test 
the group. For instance, the heat-exchanger, valve motor, and 
temperature-measuring system can be tested simultaneously to yield 
the frequency response curves (gain and phase) for the three compo- 
nents. The test could be expanded to include the two lengths of 
pneumatic tubing. However, since tubing length might be changed at 
some later date, it is best to obtain tubing data separately. If the length 
does change, new response curves can be graphically added to the 
curves for the other components. 

Once the response data have been gathered, the gain and phase 
curves are plotted (Figures 14-5 and 14-6). 

In the heat exchanger example, it will be assumed that the steady- 
state gain of each component, and thus the entire process, is unity. In 
Figure 14-5, the gain curve for the three components (heat exchanger, 
valve, and temperature-measuring system) is added to the curve for the 
pneumatic tubing to produce the curve for the entire process. Since 
there are two 100-foot lengths of tubing, the tubing curve is added 
twice. (For simplification, this curve is an average of two curves, one 
for a pneumatic line terminating in a valve motor and the other for a 
line terminating at the controller.) Measurements are made from the 
zero-db line, and points on the same side of the line are additive. 

A controller has a response curve for each combination of control- 
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Fig. 14-5. Gain curves. 


Ier settings. However, this family of curves can be simplified into a 
single curve for each control mode because the integral action affects 
the low-frequency response, the derivative action affects the high- 
frequency response, and the proporţional action is simply a horizontal 
line. A set of the simplified curves is shown in Figure 14-7. AII curves 
are shifted up or down as the proporţional bând is changed; the integral 
line is shifted to the left as the integral time is increased, and the 
derivative curves also are shifted to the left as the rate action is in- 
creased. 

For continuous cycling to occur, the system must simultaneously 
have a gain equal to or greater than zero db (gain of unity or more) at a 



Fig. 14-6. Phase curves. 




PHASE SHIFT ( DEGREES) 
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Fig. 14-7. Simplified contro l-mode response curves. 

phase shift of -180 degrees. The proporţional bând that results in a 
gain of unity at this - 180-degree point is called the ultimate proporţional 
bând. The ultimate proporţional bând is the one which, when added to 
the process curve, produces a gain of unity at the criticai - 180-degree 
phase point. 

In Figure 14-6, the - 180 degree phase shift occurs at a frequency of 
1 .4 cpm. At this frequency, the gain is - 1 1 db, or an amplitude ratio of 
0.28. To raise the process curve to zero db at 1.4 cpm, the proporţional 
bând ( PB ) curve would be a horizontal line at + 1 1 db or 3.55 amplitude 
ratio. Since PB is (1/amplitude ratio) x 100, the ultimate proporţional 
bând ( PB U ) is, therefore, 

PB U = 100 = 28% 

3.55 

A second factor of interest, called frequency ratio, is a measure of 
the system response beyond the - 180-degree phase point. The ratio of 
the frequency at -270-degree phase change to the frequency at -180° 
phase change gives this. For the heat exchanger, this ratio (f r ) is 2.8 
cpm/1.4 cpm, or 2.0. 
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Dead time is another factor to consider. Dead time increases phase 
lag without affecting the gain curve. If the total dead time for the 
system is greater than about 0.1 of the largest system time constant, 
there will tend to be overshoot with three-mode control. 

The PB U tells much about the process. A rough estimate of offset 
(with straight proporţional action) is PBJ 2. In the heat exchanger this 
would mean an offset of approximately 28/2, or 14 percent. Therefore, 
if the spân of the temperature measuring instrument were 100 degrees, 
offset would be in the neighborhood of 14 degrees. If this amount of 
offset proved to be troublesome, the integral mode should be consid- 
ered, keeping in mind that the addition of integral action can cause 
overshoot on startup. 

Another rough indicator can be used to point out the necessity for 
derivative action. If the 270 degree/180 degree frequency ratio (f r ) is 
two or greater, derivative can be used to advantage. Derivative action 
raises the high-frequency end of the process curve to increase the 
- 180-degree frequency. 

For the heat exchanger, all three control modes were selected. 


Control Objectives 

Since cycling occurs when a process plus its control has a gain of one or 
greater at the same time that its phase is -180 degrees, the major 
control objective is to separate this phase and gain by as large a 
frequency spread as practicai. To ensure this spread, two quantities are 
defined — gain mar gin and phase margin (Figure 14-8). Gain margin is 
the amount that the gain curve differs from unity (0 db) at the -180- 
degree frequency. Phase margin is the amount by which the phase 
curve differs from -180 degrees at the 0-db frequency. 

When one of the margins is set at a desired value, the other margin 
is fixed. Widening either the phase or gain margin reduces the settling- 
out time (after a change in set point) until, in the ultimate, all overshoot 
is eliminated. In general, the gain margin does not fall below -5 db nor 
exceed +10 db. When the phase margin is used as the controlling 
factor, it usually lies between 40 degrees and 60 degrees, with 50 de- 
grees as a good compromise. 

Control mode curves must be added in sequence — derivative first, 
followed by integral and proporţional bând. The proporţional bând 
must be added last because it adjusts the process gain without affecting 
the phase; the other modes affect both gain and phase simultaneously. 
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Fig. 14-8. Gain and phase margin described graphically. 


Adding Derivative 

Although placement of the derivative curve is somewhat arbitrary, one 
successful method is to align the +50-degree point of the derivative 
curve with the -180-degree point of the process curve (Figure 14-9). 
When these two curves are added graphically, the -180-degree fre-. 



Fig. 14-9. Phase curve of process plus derivative. 
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quency shifts to the right. The position of the derivative phase curve 
determines the position of the derivative gain curve. 

Adding the derivative gain curve to the process curve (Figure 
14-10) raises the process gain curve. At the new - 180-degree frequency 
of 2.2 cpm, the gain of process plus derivative becomes - 11 db. The 
derivative time is also a function of the corner frequency of the deriva- 
tive gain curve; it is the frequency at which the gain of the curve is +3 
db. 


derivative time = j . — , 

2 n- x denvative-curve corner frequency 

From Figure 12-10, the corner frequency is 1.1 cpm; therefore, 
derivative time = r — 3 - 7 -r = 0.142 minute 

Z7T X 


Adding Integrat 

The next control mode to be added to the process-plus-derivative curve 
is the integral (Figure 14-11). Here the - 10-degree point of the integral 



Fig. 14-10. Gain of process plus derivative. 
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Fig. 14-11. Phase of process plus derivative plus integral showing phase margin. 


curve is aligned with the -170 degree point of the process-plus- 
derivative curve. This shifts the - 180 degree slightly left to a frequency 
of 2.0 cpm. In general, adding integral lowers the total phase curve 
since the integral phase curve lies entirely below zero. 

Adding the integral gain to the process-plus-derivative curve (Fig- 
ure 14-12) raises the low-frequency response. Note that the high- 
frequency end of the curve does not change. 



Fig. 14-12. Gain of process plus derivative plus integral. 
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integral time = : = — 

277 x integral-curve corner frequency 

The corner frequency here is also at the 3-db point and is equal to 
0.26 cpm. Therefore, 


integral time = 


277 x 0.26 


= 0.615 minute/repeat 


If the controller is calibrated in repeats per minute, the reciprocal 
of this number is used. 


Adjusting the Proporţional Bând 

Adjusting the proporţional bând moves the gain curve vertically but has 
no effect on phase. From Figure 14-11, the — 180-degree frequency of 
process-plus-derivative-plus-integral curve is 2.0 cpm. 

From Figure 14-12, the gain of process plus two control modes 
(corresponding to 2.0 cpm) is - 10 db, or the gain margin without pro- 
porţional bând is 10 db. To obtain a gain margin of 5 db, the curve can 
be raised 5 db. This is accomplished by adding a proporţional bând of 
+ 5 db to the process-plus-derivative-plus-integral curve. Since +5 
db = 1.78 amplitude ratio, 

PB = rW x 100 

=56.2% 

The final gain curve is shown in Figure 14-13. 

The phase margin is found by first noting the frequency of the gain 
curve of the process plus the three control modes at 0-db gain. From 
Figure 14-13 this is 1.0 cpm. Since at 1.0 cpm the phase is — 125- 
degrees, the phase margin (Figure 14-11) is 55 degrees (180 degrees 
- 125 degrees). The curve of process plus derivative plus integral 
{PB = 0) in Figure 14-11, and the gain curve of the process plus all 
three control modes in Figure 14-13, are the open-loop response curves 
of the process plus its control. 


Closed-Loop Response 

Using data from the open-loop response curves, closed-loop response 
can be found from a Nichols diagram. The Nichols diagram, or phase 
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Fig. 14-13. Gain of process plus all three control modes. A controlling gain margin of 
5 db determines the value of the proporţional bând. 


margin plot, may be used to define system performance. It is a plot of 
magnitude versus phase. The magnitude is plotted vertically, and the 
phase is plotted horizontally. For a more detailed description, refer to 
an advanced text on frequency response techniques. Closed-loop re- 
sponse is automatic control; manual control is open loop. If the open- 
and closed-loop responses are plotted on a single Bode diagram, much 
interesting information can be obtained. For instance, a plot of the ratio 
of closed-loop to open-loop magnitude ratios reveals the effectiveness 
of the controller in handling various disturbance frequencies. Also, if 
the process plus its control resembles that of a second-order system 
(this is valid in many cases), such quantities as the natural frequency of 
the system, damping factor, and settling time can be estimated. Also 
calculable is the peak deviation after a set-point change. 


Conclusion 

The frequency response method is both a test and a graphical technique 
to obtain information about the control loop. The instrument manufac- 
turer can put these tests to good advantage in evaluating instruments. 
However, few plants would allow the process disruptions caused by 
frequency response testing. Perhaps the greatest benefits are the 
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graphical Solutions of rather complex problems and the simultaneous 
understanding of the system that is developed. 


Questions 

14-1. The frequency response technique is theoretically restricted to: 

a. Nonlinear systems c. Closed-loop systems 

b. Resonant systems d. Linear systems 

14-2. The frequency response analysis technique is: 

a. A test that can be quickly conducted without special equipment 

b. A test that does not upset the process in any way 

c. A test that will reveal controller settings, process time constants, etc. 

d. Not suitable for large-capacity systems 

14-3. The first-order time constant or single time constant occurs at a phase 
shift of: 

a. 90.0 degrees c. 45.0 degrees 

b. 63.2 degrees d. 36.8 degrees 

14-4. In constructing a Bode diagram on linear graph paper the gain 
(vertical) axis should be expressed in terms of: 

a. Decibels c. Linear gain 

b. Gain ratio d. Maximum gain 

14-5. In using the frequency response method as a graphical analysis 
technique, the only component that usually requires actual testing is the: 

a. Controller c. Closed-loop combination 

b. Process d. Control valve operator 

14-6. The frequency response of a three-mode controller: 

a. Displays the quality of the controller 

b. Varie s according to the manufacturer 

c. Can be manipulated to a desired curve shape through mode adjustment 

d. Is fixed and always remains rigid 

14-7. The frequency response gain curve is not affected by: 

a. Proporţional bând c. Integral 

b. Dead time d. Derivative 

14-8. When control mode curves are added, the folio wing order must be 
observed: 

a. Proporţional, integral, and derivative 

b. Derivative, proporţional, and integral 

c. Integral, proporţional, and derivative 

d. Derivative, integral, and proporţional 
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14-9. When the frequency response curves of all loop components are 
added, the resultant curve becomes: 

a. The closed-loop curve 

b. U şeful in that the Nichols diagram will then reveal closed-loop 
response 

c. Interesting from an academic standpoint only 

d. A measure of controller effectiveness 

14-10. Perhaps the greatest benefit of the frequency response technique is 
that it: 

a. Provides a method of controller adjustment 

b. Makes it possible to predict stability 

c. Provides a method of measuring time constants 

d. Provides the student of automatic control with a clearer insight as to 
what occurs within the control loop 
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Split-Range, Auto- Selector, Ratio, 
and Cascade Systems 


Although convenţional controllers satisfy most process control 
requirements, improvements can be achieved in some situations by 
combining automatic controllers (duplex, cascade, ratio). AII of the 
combination controUer actions to be described can be achieved with 
either pneumatic or electronic equipment. 


Duplex or Split-Range Control 

A duplex controUer has one input and two outputs. It may have two 
control mechanisms, each with an output, or a single-control mecha- 
nism operating two control valves by means of relays or positioners. 

The need for such a system is apparent in a process such as elec- 
troplating. For example, the quality of bright chromium plating 
depends largely on proper temperature control of the bath. With a given 
current density and bath composition, variations in temperature not 
only aflFect the final appearance, but also the rate of chromium deposi- 
tion. 

Temperatures a few degrees too high produce dull, lusterless plat- 
ing. When tools are being plated with a hard chromium finish, low 
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temperatures can cause hydrogen embrittlement of the Steel, resulting 
in cracking and tool failure. 

Desired thicknesses and finishes can only be produced on succes- 
sive jobs if the operating conditions are duplicated exactly (Figure 
15-1). Plating current flowing through the electrolyte generates heat 
that is normally dissipated by a controlled flow of cooling water through 
the tank coils. Frequently, however, when large, cold metal pieces are 
introduced, the solution becomes too cool for good plating. Also, on 
startup, the temperature must be brought up to the operating level or 
the iniţial batch will be below specifications. The problem is solved by a 
duplex controller that adds cooling water when the temperature is too 
high, and steam to the heating coils when the temperature is too low. If 
the temperature is within acceptable limits, neither cooling water nor 
steam is admitted. 

The control action is pneumatically produced by a convenţional 
controller with proporţional action (left in Figure 15-1). Controller out- 
put is simultaneously fed to (1) the receiver bellows in a valve posi- 
tioner, located on the water (cooling) valve, and (2) a similar bellows in 
a second positioner located on the steam (heating) valve. If the control- 
ler proporţional bând is adjusted to 10 percent, the response will be as 
shown in Figure 15-2. The positioner on the steam valve is adjusted to 
stroke the valve through its full travel when the air signal on the valve 
positioner receiver bellows goes from 3 to 9 psi (20 to 60 kPa); the valve 
is closed with 9 psi (60 kPa) applied to the positioner and wide open 
with 3 psi (20 kPa) applied. The positioner on the water valve is ad- 
justed to operate in the opposite direction; it opens the valve fully with 
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Fig. 15*1. Plating process requires a duplex controller, one with one input but two 
outputs. 
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Fig. 15-2. Response of proporţional controller with a proporţional bând setting of 10 
percent. 

15 psi (100 kPa) applied and closes it when the signal pressure is 9 psi 
(20 kPa). 

A properly aligned pneumatic proporţional controller produces an 
output of 9 psi (60 kPa) when measurement and set point agree. In this 
example, both valves would be closed with a signal pressure of 9 psi (60 
kPa). If measured temperature rises above, or falls below, the set 
point, water or steam would be circulated in proportion to the mea- 
surement’ s de viaţi on from the set point. 

Integral and derivative action could be incorporated in the elec- 
troplating control system. However, neither one is required normally 
because a system of this type usually is required to control only within 
a narrow bând of temperature (say 10 percent bând) between heating 
and cooling. Thus, integral and derivative modes are unnecessary. 

On/off control sometimes proves to be the most economical and 
satisfactory solution to the same problem — provided the process can 
tolerate the cyclic operation that will occur. 


Auto-Selector or Cutback Control 

Auto-selector control is the opposite of duplex in that it allows the 
automatic selection between two or more measurement inputs and 
provides a single output to control a single valve. The auto-selector- 
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Fig. 15-3. Pipeline operates safely on auto-select/cutback control. 


control system continuously senses all measurements applied to it and 
provides control action to the valve based on the value of the measure- 
ment closest to its particular set point. All measurements must be 
interdependent, that is, directly related to each other, for successful 
auto-selector application. 

While control may be either pneumatic or electronic, the electronic 
type is ideal for this technique. A simple selector system, often found in 
pipeline control, will be used as an illustration (Figure 15-3). 

In attempting to operate a pumping station efficiently on a pipeline, 
it is desirable to operate the control valve wide open at all stations 
except one. One station will then become the limiting or throttling unit 
and will pace the line based on the delivery requirements. However, if 
any of the following conditions occur, it is necessary to cut back on the 
position of the control valve: 
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1. Suction pressure drops too low. 

2. Motor load rises too high. 

3. Discharge pressure rises too high. 

If the suction pressure drops below a predetermined level, there is 
danger of causing the pump to cavitate. If motor load rises above a 
predetermined level, there is danger of overloading the motor and bum- 
ing it out. If discharge pressure rises too high, there is danger of causing 
problems downstream. Cutting back on the position of the final 
operator will cause each of these variables to retum to a safe operating 
level. 

Consider the operating parameters in the following example for a 
pumping station: 

1. AII variables are on the “safe” side of their respective set points. 
Suction is sufficiently high; motor load and discharge pressure are 
sufficiently low. 

2. A decreasing suction pressure will cause the output of the suction- 
pressure controller to decrease. 

3. An increasing motor load will cause the output of the motor-load 
controller to decrease. 

4. An increasing discharge pressure will cause the output of the 
discharge-pressure controller to decrease. 

5. A low-signal selector is used. Its output will be equal to the lowest 
input. 

6. A decreasing input to the low-signal selector will cause its output 
to decrease. 

7. The control valve opens as its input increases (air-to-open). 

Since all variables are operating in their “safe” zones, all control- 

lers will have a maximum output, that is, 100 percent, and the control 
valve will be wide open. 

Assume that the suction pressure drops below the predetermined 
low limit, as will be indicated on the suction-pressure controller’ s set- 
point dial. Output of the suction-pressure controller will start to de- 
crease. This decreasing output will be selected by the low-signal selector 
and transmitted to the control valve. The control valve will close until 
the suction pressure is brought equal to the preset limit. Assume this 
condition is met with a 50 percent valve position. 

If all of the controllers in a cutback system contain proportional- 
plus-integral action, integral windup should be anticipated. In order to 
prevent this condition, a special type of “externai feedback” is em- 
ployed. The selected output is fed back to each controller’ s integral 
circuit. This feedback (rather than convenţional feedback, where a con- 
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troUer’s output is fed to its own integral circuit) conditions all of the 
controllers whose outputs are not being selected. 

Assume one of the other variables, for example motor load, ap- 
proaches its limit. As soon as the load exceeds the limit, the output of 
the motor-load controller will begin immediately to decrease from 50 
percent (the output of the low selector) and not from 100 percent as 
would be the case if externai feedback had not been provided. If the 
control valve must start to move before the motor load reaches the 
limit, a batch-cutback (auto-selector) controller should be used. 

A slow, ramping-open of the control valve is a common require- 
ment in starting up a pumping-station pipeline-control system. A ramp 
generator providing a constantly increasing signal (commencing on 
operator command) will smoothly open the valve at a controlled rate. 
This generator simply becomes another input to the low-signal selector. 

Provisions for switching the entire system to the manual mode of 
control are normally incorporated into the system as an integral part of 
the signal selector, or sometimes as a separate unit. 

If an air-to-close valve is required, a high-signal selector should be 
specified. The switch on each controller that determines whether an 
increasing measurement will cause an increasing or decreasing output 
should be changed to the action opposite to that used in the preceding 
example. 

Nonpipeline Application of Auto-Select/Cutback Control Systems 

A nonpipeline application of a cutback system is shown in Figure 15-4. 
In this system, the outlet temperature of the product is sacrificed if the 
oii pressure drops below a preset low limit. In normal operation, the 
temperature controller will regulate the oii pressure, and thus the heat 
input, in order to maintain the product temperature at the desired con- 
trol level. 

If the demand for oii by the exchanger should start to diminish the 
main oii supply (indicated by a falling oil-header pressure), the oil- 
pressure controller will cut back the control valve, reducing the prod- 
uct temperature and, at the same time, the consumption of oii. The 
header pressure will now be allowed to recover and remain at the 
predetermined low limit. Should other process demands for oii be 
reduced, the oil-pressure controller will gradually open the oii valve 
until complete control is returned to the temperature controller. 

The one major requirement for auto-selector application is that all 
of the measured variables must be interdependent, that is, regulated by 
the single manipulated variable. 
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AIR 



Fig. 15-4. Temperatura adjusts to reduce oii pressure. 


Fiow-Ratio Control 

Assume a fîxed ratio between two flow rates is to be controlled. This 
would suggest a flow-ratio control. Acid-to-water ratio for a continuous 
pickling process found in certain plants working on metal would be 
typical. An acid-water-ratio control system for continous pickling au- 
tomatically Controls the addition of fresh acid in correct proportion to 
the water used. The accurate flow control and proportioning of the acid 
results in a stricter adherence to pickling specifications, and, there- 
fore, a minimum consumption of acid. The system records and inte- 
grates the consumption of both water and acid. Control of solution le vel 
by the operator is also simplified since he need adjust only the water 
valve. An installation is schematically shown in Figure 15-5. 

Normally, variation of the flow of water, either to fiii the pickling 
tank or maintain the operating solution level, is accomplished by 
pneumatically positioning a control valve in the water line by means of 
a pneumatic manual setting station. 

This is a typical ratio control system; however, it does have a 
limitation. It is assumed that the instrument components are selected — 
sized to provide the desired ratio of acid to water, and that this ratio 
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will never need to change. Unfortunately, this is seldom the case, 
making a method of ratio adjustment necessary. 

The ratio factor is set by a ratio relay or multiplying unit. This unit 
would be located between the wild flow transmitter and the flow- 
controller set point (Figure 15-5). It is desired to control Flow B in a 
preset ratio to Flow A. Flow transmitter A senses the wild flow. The 



(b) RATIO CONTROLLER 
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Fig. 15-5. (< conîinued ) 

ratio relay multiplies the output (0 to 100 percent) of the flow transmit- 
ter by a manually set factor: 

(Flow output A) x (Preset factor) = Output of ratio relay 

This output becomes the set point of the controller that regulates 
Flow B. At equilibrium, Flow B equals the set point of the controller, 
or: 


Flow B = (Flow A) x (Ratio factor) 

Ratio factor = Flow B/Flow A 

The following example may help in understanding a ratio-control 
system. Assume that the range of Flow A is 0 to 100 gpm, the range of 
Flow B is 0 to 100; the output of transmitters A and B changes linearly 
from 0 to 100 percent as the flow changes from 0 to 100 percent. The 
ratio relay has a factor adjustment ranging from 0.3 : 1 to 3 : 1. 

If the ratio factor is set at 1 (meaning a 1 : 1 ratio), for every mea- 
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sured gallon of A, the controller will allow 1 gallon of B to flow. If 50 
gpm of A flow, then 50 gpm of B will flow. If the ratio factor changes to 2, 
then 2 gallons of B will flow for every gallon of A. If 50 gpm of A flow, 
100 gpm of B will flow. 

If the range of flow transmitter B is changed to range from 0 to 10 
gpm, while A remains 0 to 100 gpm, a 1 : 10 ratio factor is built into the 
system. In other words, if the factor set on the ratio relay is 1, then for 
every gallon of A that flows, 0. 1 gallon of B will flow. Hence, the range 
of the transmitters, as well as the multiplying factor set into the ratio 
relay, determines the ratio factor for the system. Therefore, câre should 
be taken in selecting transmitter range in order to allow maximum 
system flexibility. Try to choose a range so that the ratio factor is 
normally in the middle. However, make sure that the transmitter range 
will cover all process conditions. 

Flowmeters used in a ratio control system are often orifice meters 
or other constriction meters with differential-pressure transmitters. 
Thus, transmitter output is proporţional to the square of flow, rather 
than being proporţional to a linear relationship as in the above example. 
(The transmitters in the example could be magnetic flowmeters, turbine 
flowmeters, rotameters, and so on.) In this case, the ratio relay 
provides the same 0.3 : 1 to 3.0: 1 ratios between transmitter outputs, 
that is between differential pressures. Since flow is proporţional to the 
square root of differential pressure, the actual flow ratios will be 
(0.3 : 1 ) 1/2 to (3.0 : V) m , or about 0.6 : 1 to 1.7 : 1. The ratio dial will have 
a square root layout and indicate flow ratios of 0.6: 1 to 1.7: 1. This 
ratio range is the square root of the gain range. 

A transmitter with a linear output cannot be used with another 
having a square root output unless one or the other output is passed 
through a converter to obtain its square or square root, as required. 

More complicated systems may involve ratioing two or more flows 
to the wild flow. 

A ratio control system may be implemented in several different 
ways with pneumatic or electronic hardware. The ratio delay may be 
incorporated in the controller, and a ratio dial replaces the normal 
set-point dial. This is normally called a single-station ratio controller 
(Figure 15-5). 


Cascade Controller 

A cascade-control system consists of one controller (primary, or maş- 
ter) controlling the variable that is to be kept at a constant value, and a 
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second controller (the secondary, or slave) controlling another variable 
that can cause fluctuations in the first variable. The primary controller 
positions the set point of the secondary, and it, in turn, manipulates the 
control valve. 

The objective of the cascade-control system is the same as that of 
any single-loop controller. Its function is siirply to achieve a balance 
between supply and demand and thereby maintain the controlled vari- 
able at its required constant value. However, the secondary loop is 
introduced to reduce lags, thus stabilizing inflow to make the whole 
operation more accurate. 

The cascade-control technique is shown in schematic form in Fig- 
ure 15-6. Two feedback controllers are used but only one process vari- 
able (m) is manipulated. The primary controller maintains the primary 
variable (CJ at its set point (r x ) by automatically adjusting (r 2 ) the set 
point of the secondary controller. The secondary controller Controls the 
secondary loop responding to both its set point (r 2 ) and the secondary 
measurement (C 2 ). 

The secondary controller may be regarded as an elaborate final 
control element, positioned by the primary controller in the same way 
as a single controller would ordinarily position the control valve. The 
secondary variable is not controlled in the same sense as the primary; it 
is manipulated just like any control medium. If, for example, the sec- 
ondary controller is a flow controller, then the primary controller will 
not be dictating a valve position, but will, instead, be dictating the 
prescribed flow. 

A simple, single-loop temperature-control system is shown in Fig- 
ure 15-7, wherein the temperature of the liquid in the vessel is con- 
trolled by regulating the steam pressure in the jacket around the vessel. 
Since such a process normally involves a longtime constant, a three- 
mode controller having a long integral time is required. This will pro- 
vide satisfactory control as long as the supply of steam is constant, that 
is, the upstream pressure does not change. 


ftMMApT SECOffDUY 

CdHTUQLLE* C0WTBM.LI" 



Fig. 15-6. Cascade control technique. 





354 COMBINATION CONTROL SYSTEMS 




-LOOP CONTROL 


MCM! CQWTffQC 


Fig. 15-7. Temperature controller provides set point for steam valve or steam-pressure 
controller. 


However, if the supply steam is subject to upsets, a different con- 
trol scheme is needed. The temperature controller will not know that 
the heat input (steam pressure) has changed until the temperature of the 
liquid in the vessel starts to change. Since the time constant of the 
temperature loop is long, the temperature controller will take a long 
time to return the process to an equilibrium (a new steam-valve posi- 
tion corresponding to the new level of heat input). Therefore, it is 
desirable to correct for the change in heat input before it affects the 
temperature of the liquid. 

The cascade control system shown in Figure 15-7 will both control 
the temperature in the vessel and correct for changes in the supply 
steam pressure. The steam-pressure controller, called the secondary or 
slave controller, monitors the jacket inlet steam pressure. Any changes 
in supply pressure will be quickly corrected for by readjusting the valve 
because this loop has a fast time constant, and, hence, a short integral 
time. The temperature controller, normally called the primary or maş- 
ter controller, adjusts the set point of the pressure controller as dictated 
by the heat requirements of the incoming feed. Thus, the secondary 
controller has its set point set by another controller rather than by a 
manually adjusted dial. These secondary devices are termed remote-set 
controllers. 

For the cascade control system in the above example, the time 
constant of the secondary control loop must be significantly faster than 
that of the primary loop. If the time constant of the secondary loop is too 
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long — equal to or even greater than the primary loop — cascade control 
will provide no benefits. It may, in fact, cause stability problems. An 
example of this occurs when a valve positioner, described in Chapter 
10, is used for flow control. The flow process is faster than the valve 
positioner and this produces a continuous cycle. Stating it another way, 
the slave controller will not accept orders from the maşter controller 
faster than it can carry them out. 

Typical secondary loops or inner loops and primary loops may be 
generally classified as folio ws: 


Types of 
Inner Loops 

Valve position 
Flow 

Temperature 


Set By 

Anything but flow 
Anything 

Temperature (with longer time 
constant) 


Inner (Secondary) Loops 

Valve position 

Flow 

Temperature 


Control Modes 
Proporţional only 
Proporţional plus integral 
Proporţional only 


Mathematically, it could be demonstrated that a cascade system 
will increase the natural frequency and reduce the magnitude of some 
of the time constants in the system, both beneficial results. However, 
the more evident benefits are reduced effect from disturbances, more 
exact adjustment in the presence of disturbances, and the possibility of 
incorporating high and low limits into the secondary control. 


Saturation in Cascaded Loops 

Integral windup or saturation, mentioned in Chapter 11, can become a 
problem in cascade control. Assume, for example, the process load 
demands more than the control valve can deliver. This would result in a 
sustained deviation of the secondary measurement from its set point. 
The primary measurement will then change and result in a change of 
the primary controller’ s output. This will readjust the set point of the 
secondary controller. 

In practice we do not want the primary controller to change its 
output. A simple way to accomplish this in a pneumatic system is to use 
the secondary measurement as the integral to the primary controller 
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(Figure 15-8). In a convenţional controller, as in Chapter 11, the inte- 
gral input is the output. In the cascade system this is the secondary 
set point. As long as the secondary measurement and set point are 
equal, integral action of the primary controller proceeds in normal fash- 
ion. If the secondary measurement can not follow its set point, integral 
action in the primary controller will stop. It will resume only when the 
secondary measurement once again can follow set point. To accomplish 
this, both primary and secondary controllers must have integral action 
and the primary controller must be equipped with an externai integral 
connection. 

This arrangement also simplifies transfer from automatic to 
manual. With convenţional integral action, the primary controller 
would saturate if the secondary were placed in the manual position. 
With the arrangement described, this cannot happen as the primary 
controller’ s integral bellows will track the process (secondary) mea- 
surement. 

In the electronic system (SPEC 200), a similar arrangement may be 
employed to prevent saturation of the primary controller. Just as in the 
pneumatic system described, secondary measurement is used as the 
integral input to the primary controller resulting in operation similar to 
the pneumatic system. 


PRIMARY SECONDARY 

controller controller 



Fig. 15-8. Primary and secondary controllei 
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Logical use of cascade control systems requires nothing more than 
standard control instruments. A standard unit can pro vide indication or 
recording and control of both the primary and the secondary variables, 
plus output indication and manual-automatic transfer. That is all that is 
needed for normal operation. 

To tune a cascade-control system, the following procedure is sug- 
gested: 

1. Place both controllers in manual. 

2. Adjust proporţional and integral settings to conservative values 
(wide proporţional bând and long integral time) on the secondary 
controller. 

3. Place secondary controller in automatic and then tune, using any of 
the procedures outlined in Chapter 12. 

4. Adjust the proporţional, integral, and derivative settings on the 
primary controller to conservative starting values. 

5. Place the primary controller in automatic and then tune, using any 
of the procedures in Chapter 12. 

Always tune the secondary controller first (with the primary con- 
troller in manual), and then the primary controller. 

Summarizing the major advantages of cascade control: 

1. Disturbances affecting the secondary loop are corrected by the 
secondary controller before they are sensed in the primary loop. 

2. Closing the secondary loop reduces the lags sensed by the primary 
controller, thus increasing the speed of response. 


Questions 

15-1. A duplex controller has the following number of inputs: 

a . One c. One for each output 

b. Two d. As many as required 

15-2. The duplex controller provides the following number of control valve 
signals: 

a. One c. One for each input 

b. Two d. As many as required 

15-3. An auto-selector control system should be considered when: 

a. The process has more controlled variables than manipulated variables 

b. The process has more manipulated variables than controlled variables 

c. Two independent control systems are not economical 

d. Two or more measured variables must be isolated 
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15-4. The auto- selector controller will function only when the measurement 
inputs are: 

a. Interdependent c. Isolated from one another 

b. Independent d. Flow measurements 

15-5. The ratio controller: 

a. Can be used with any combination of related process variables 

b. Has one measurement input and two outputs 

c. Can be used for even-numbered ratios 

d. Must always employ the derivative mode in the controller 

15-6. Two flows are to be ratio controlled, the first is measured with an 
orifice and the second with a shedding vortex flowmeter. The signals must be: 

a. Both made linear by using a square root extractor on the orifice signal 

b. Used as if a 1 percent error can be tolerated 

c. Both made linear by using a square root extractor on the shedding 
vortex transmitter 

d. Flow-calibrated 

15-7. A cascade control system will increase the natural frequency of the 
control loop along with having the following influence on the magnitudes of 
the associated time constants: 

a. Reduce them c. Not affect them 

b. Increase them d. Have an unpredictable effect 

15-8. In a cascade control system the secondary may be regarded as: 

a. A valve actuator 

b. An elaborate final control element 

c. A means of slowing down regulation of the manipulated variable 

d. A sophisticated noise filter 

15-9. If two square root flow signals are to be ratio-controlled and the ratio 
factor adjusted, the maximum practicai factor is: 

a. 0.6 to 1.7 c. 1.0 to 10 

b. 0.3 to 3.0 d. 1.0 to 1.0 

15-10. A very common secondary loop that may be used with almost any 
process except flow is: 

a. Flow c. Pressure 

b. Temperature d. Valve position 

15-11. A cascade control system is to be adjusted. You should first: 

a. Place the primary controller on manual and adjust the secondary 
controller 

b. Place the secondary controller on manual and adjust the primary 
controller 

c. Place both controllers on automatic and go through the convenţional 
adjustment routine 
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d. Bypass the secondary controller and adjust the primary controller by 
the convenţional method 

15-12. If the time constant of the secondary loop is greater than the time 
constant of the primary loop, cascade control will: 

a. Shorten the period of the total system 

b. Lengthen the period of the total system 

c. Improve the operation of the system 

d. Pro vide no benefits 




Feedforward Control 


Definition 

The term feedforward control applies to a system in which a balance 
between supply and demand is achieved by measuring both demand 
potenţial and demand load and using this information to govem supply. 

History 

The first feedforward control system was used in about 1925 to control 
boiler drum level. In this type of feedforward control, which is de- 
scribed in Chapter 9, water inflow is directly regulated by steam out- 
flow. Feedback in the form of bias, or trim, corrects for any cumulative 
measurement or other error in the system. This system, which is still in 
everyday use, met an urgent need for better level control. It was 
applied to a process that was completely understood and required no 
special instrumentation. Many years passed before feedforward tech- 
niques were applied to other process applications. 

Advantages 

The potenţial applications of feedforward techniques are virtually end- 
less, but they usually involve a distillation process. Several improve- 
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mcnts are provided by feedforward control. One is redueed me as u se- 
meni lag, For exemple, in a distillaţion column, the hxg belween inpui 
and ou (pul may vary from a few minul-es to nmtny minute*. depending 
on the size of the column and other variablefL A feedback control 
System c an noi make any icqui rc-d correetions umil an error is şensed. 
With the kmg îags inheE'ent in such a procese, good control becomes 
difficult. Howcver, with the feedforward technique. an exael balance 
belween siippîy-and-dcTiutnd potenţial is achieved before :hc prncuss is 
rdfluecieed, and improved control resirllv 


Technique 

Before feedforward control can be appiied effeclively to :tny proces, 
the proces. s mus! be complctely unde ist ood- iî mu si be possihlc Lo 
write onc equatton rhat accurately States ihe material balance, and 
another equaMon, if requtred. that shows the energş bal a n-ce, II the 
proccss crcmes imeractions between energy and material balances. ibis 
also musl be unuersHKjd. The developmeht of feedforward control waş 
dekiyed bec au se of the lack of such undersUmding. 

When ibe equalions ihai compleiely desciibe the proces--, are wril- 
ten, ! hc ne st step ss Lo manipulate the equations intoa tbrm Ihat cim ne 
solved by available insinimtmratimi. l'he absence of this lype ol' analog - 
comp ut mg instrumenl was another reason tor the dday in dcvoloping 
j'eedforward Icchmques- This type of insirumen talion has become, 
geneially avaitable only in ihe last few decade??. Other mslrumem 
lat ion ihai will pro vide dymniic compensai ion muşi also be incorpo- 
rai cd into the >y. stern lo overcome the unavoidablc leads and lags coti- 
tribtiled by nţ hor proeess componenta. ]f a]l eiements were perfect, îhc 
siraight feedforward sysiem would re suit in ideal control of the pro- 
cesa. However, in practice, very smalS errors can accumulale over a 
period of linie, and smail nonlsnearities can add up to dîfficuJties, They 
can be overcome b> adding feedback to in ni the feedforward system 
This resuli-s in the optim uni feedforward control sysiem. 


Application to Heaî Excbatiger 

Figure 16- 1 represents a lypical heai exc hanger set up for convenţional 
feedback control. Fîgure 1 o- 2 sh<nv> ihe recnvcry curves tiuit resull 
from ty picai loud Lipse Ls urtder feedback control using a ihree-nuide 
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controller, The recovery curve in Figure 16-2 isagood example of ideal 
feerîback control. buL because no c o freci ion can occui before an en'or 
deveEops, the overshoot reaches a substanţial valiie. 

Figure I 6-.1 shows the same heai exc hanger, eoni rol led with a feed- 
forward sy stern. The energy balanee t hat the control system must 
imiEntaîn îs- 


heat in - heal o ni 


or 


WJL W„C P (î* - r,> 

where; 

IV. sicam flow (pounds per hourî 

//, = heal of vapor t2al ion ( Htu per pound) 

U-’,, = water flow (pounds pet bour) 

fj, = .specific heat of the liquid (Btu per pound [Fţ) 

T, - J\ - temperam re risc 

When solve d foi the tnanipuJaied văriab-le W, :1 Jhe eq unt ion becomes 
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The specific heaî of c he Fiquid ■. C,. i and ihe beat of vapori za li ou of the 
steam \// A - remain constant, rhe eqimlion mny he wrillcn: 

W t m W It KlTt - 7Y> (16-2} 

This equalion hşf easily handled by rezidii y a v a E table analog compui ers. 
One dedice subm-icis T, f'rorn "/'..and mulsiplies [ho re suit hy a consumi. 
An exampte of this is the box bum Model 56-3. 

Ti -> X 7 «— 7j 
jf(7i - r, i 

Water fi ou is mcasured by an ontice plate and a diîFe renii al 
preş sure transmit ier. Thus, ihe signal re pve sen t s \ The Poxboro 
Model 557 rriay he used io extract thc sqnare rouL 



rhese two signals Al T 2 7", I and W,, mLi^i be muliiplied to complete 
rhe equation foi' t he mani pu late d variable H\ (steam fiouo: 

A. i / ■ ' — 7 i ) 

i 

»j, — ]7j ^ W fX"{ t 2 r, i = u 1 . 

This signal is then fed to ihe steam flow control loop. 

II ty picai va lues are no a tissigned to the hem excîianger process . 
the lecbniq.ues bl ^caling the sysîem can be demonul raled.. 

Assume the folio wing condiţiona: 

W - 0 to TOd-fi pounds per hour 

// latent beat (.steam. saturaîed at :(>() psi con dens mg at 0 psz), 
l,0lf) Bau per pound ham steam table 
W { 8,33 iponnds per ga Hon) tW gpns> (V i 
V, {) to 50 gpm 

and H tf - 8.33 (pounds per gal Ion) (60 minutes per bouri 
- 8,33 (60f (V,,) poundv per hour 
C y , specific heaî of water oue Biu per pound 

/ o u i le t tâmpe ra 1 u re = 50 t o 2 50 P 

- iniei tempera tu se - 0 to 100 :;: P 


FkhUFOEtWARO t < INI KOI 3ft5 


Applying cheie conditions to Equation 36-1 
8:33(60) T t \ 

~ Q.495 VJT*- T,\ ( 16- 3) 

From this poinî, scaii ng depends cn the imnsmişsion method. 
Assume a pneumatic sysiem: 

Whcn pisc li muci o devices are io be used, the sub! raci son ol J i from 1 . 
must be macle separa le Ey prior io mulţi plic ac ion. 

The lirst problem io be resoh-ed îs thc disc repune y betwcen the 
rangcsof/ , arid i ... The most direct way Lo re solve this is to change ihe 
scale of 7 j from 0 to 1 00* F to 50 to 2 50*F. Nou 

T\ - T\ 

If the inpi.il signal is.gi--.cn as 7f : ihcn 
T - j <H) 7~ L 1 uvherc 100 — spân of inputl 
If the o ut put signal is 77 Ihen 

Ti ~ 50 - 200 1 50 -- basc and 200 - spun of o ut pui i 


Combining 

50 + 200 77 - 100 77 

The scaled equation is 

T |" 0-5 7|‘ - 0.25 (this solves foi oulpul in terms of 77 vvhicb i^ 

desîred scaJed outpiu'l 

The pneumatic computer bas a eomrnon multipiier forboth pusîttve 
and negative inputs or bias lerms. This rnakes it necessary ta rcuirange 
the cquLttion 


7/ - 0.5 (77 - 0.5) 
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This equation is solved by a Foxboru .VT 56-693. Its gasn is adjusted 
t-o ii value of 0.5 and two bcliows are replaced with sprîngs. Now a 
seu led tqiiation may be writîen for îhe system: 

IV. 3,1)00 w; 

V ir & 50 VV 
T 2 = 50 ■+■ 200 7V 
Tr - 50 - 200 IV 

Sub-stimtmg (Eqoation 16-3'!': 

51,000 W* ~ 0.495 (50 V, r 'l (500 VY - 200 T{'\ 

vv; L65 vy a.; - m 

The only scaling factor uppcaring is i hc gain 1.65. This can be distrib- 
uled between the mulţi pi ier and [be subEracting, computer. For con 
venience, the element factor for ihe muHiplier can be selecte d at 5.00. 
ieaving 0.825 for the saihiraciinu; relay. Oi it may he selecte ct at 1,65 
with 1 .00 forthegain of ţhe subtraclor. However, iu uo case should the 
factor for ţhe multiplici" be les.s ihan t.65, bec au se the output of ihe 
suhirautor iben may have to exceed ful] scale for a given se* of condi- 
ţiona, since it* gain would exceed 1 .00. 

Nov. |et ls review the steps essential to scai mg. Bear in mi rid that 
analog computer* operate on signals thal vary across a standard vange. 
for example, 3 to 1 5 psi 1 20 to |(KÎ kFa) or 4 to 20 mAdc, Wiîhin the nest 
of the Fox horo SPFC 200 system* the signal is 0 to 10 V, and [hus 
simplihes scaling. In or cier io make a cor rect calculat ion* informat ion 
jibou t ihe scale* of aii Lriputs and output signals* as we IL as conversion 
faclors. must be considered. The ni is a. straightfbrward procedare 
whieh simplific* this task of '’scalingY but it must be foUowed rigor- 
ously: 

1. Write the uquaLion to be solved in it s standard dimensional form. 

2 . Wj'ite equations giving eagh in put and o ui pui in Lerms of its una log 
signal range of 0 to 1.0 lO to 100 pcrccni of scalei. It is convenient 
to use a prime to indicate the analog signal in contrast la the 
variabk jlseif. vvilh its dimenslons. 

3. Substitute the analog signal* in(o the original dimensional equulion. 
Then solve for the output signal in terms oful! Lhc input slgnals, 
The resulting cquation conta ins entirely pure numbers and is cahed 

a 'Tcaled equatLon.' It may be used directiv in electronic computer*. 
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but will hnvc e o be omvertcd to a standard form (o fit the median cai 
properttes of the pneumatic computere Qccasionafly two or mure 
instrurnenLs will be required io solve a given eqimtion. S e a] i ne requires 
*ome judgment. Ehen. heeausc the consianis rnay bc disiributed amorţi; 
ihe vurious instrument; improper di atribut ion oan result in an off- scafe 
0 ut put front i ai l" o t tbe intermediate instrument. 

The system ihus has itsencrgy ba lance equation sulved ai aţii limes. 
Higure 1 6-4 sbmvs a response io a load ehange using ihe system show ei 
in fagure I6- -3 . f'urve 4 show* improvement over the f'eedback sy steni 
shown in Kigure 16-2. bul the dynamic ba Lance hetween the load and 
the manipulatcd variable preveni s rhe re sull front being ideal Figure 
16-5 compare ş a şlep change in waler bow svilh a step change in st cam 
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1" " L m i Itfîi' CompuEing syssem witli kEvn^imsf.: compensai ion. 

Dow, Ii can be seen ihat Ihe dynuiuic re sporise of the load variiible 
iwater flow;) is fastei' than ihe d vria mic response of ihe marii pul al ed 
vartable (sie am flow), 

A device capable of correctsng these dynamic dillerences mnsl be 
added to the system. This dynamie compensator is called leaddug ljthl. 
The analog Scad lag unu is similar lo a controller. Integral and deriva- 
tive adjustments m conjunction vîth gain become ihe lead lag adjusl- 
ments. The unit is inserted in ihe ffow signal \W ., I line as shown m 
Figure 36-6, fhe re spori se of the System with dynamie compensat ion is 
shown in Fi pire 36-7. This is as close lo pur Ieri control as is possible at 
presurii tind far hcLiL-r iban the results oblamed wsth the teedback, sys- 
ten' fhe eomplexîty ofl'he feedforward control sysiero makes li agreat 
dcaj mo re c^pensive Lhan ihe convenţional feedback s\ steni, l he feed- 
back system is alse casier to adj List. The practicai conclusion îs gener- 
ai! v io usc the feedforward approach orile vvhen the pioecss rcquires 
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the ac cu rac y it prorvides T and ftiis would se (dani occur with a simple 
hem exe hanger. 


Dlstillation Control 

Alt hon ah feedforwa.rd control a an be îl pp lied to ii Im ost any procesa, 
many of the nvost suceessful sysicms riesigned and applied ovei 1 the 
paşi severa] years have been in The complex arca of dislillaiion control, 
Control of the distillation proces* has needed improvemciU sin ce The 
colnmn became a key pmt of moşi Chemical and pe t roche mica I pro- 
cesses The problem* associaied with The control of a disiillation pro- 
ces* are s!ow response and long dead rimes. Distillation is affectud by 
many variahlev Ondine analysis is ofîen noi availabk. and Varying 
feed rates subjecl the column to constant upsets. 

Figure lh k indicates t hat bot an cnergy bălăuce and a material 
bălăuce arc in voivod in îhe operat ion of a disiillation column. Thîs 
operat ion is further complicai cd by the fact t hat considera bl e mic rac - 
t ion occurs betwecn cnergy and mate ri a L The nelaiionships between 
cnergy and material have hcen ThoroughU investigaied and rcaisonubly 
well delmed. St is possibte, the re fote. u> mea sure and analyze the feed 
inptit and manipulate (he cnergy in pul ulong with diştillation (reflux 
rare) to kcep the column uruler cllieieni control. liguse J 6-9 show* a 
column with fccdforward control o ti two loops arranged to control 
product composition. Thoroiygh exptanations of this proces* and i he 
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relationships that exist within it arc given in thc references listed ut ihc 

qod Of iMq ehupter. 

Conclusson 

M any fcedforwaj'd Systems have pioduced tncreascd elf icî^ncies in di*- 
ulluliuEi processes and h ave justitied their cost in a very short time, 
lIowevet T io âehieve lhi>. the process generai ly muşi be one (has, can 
demonstrate economic advanlagcs through closer control. Kach apph- 
c al ion requires ctmsiderable engineering dîorl, si ti ce ihc control sys 
icm muşi be desi^ned for the particular process. fbe charucieristicâ ol' 
any dislillalion column are uniciue, and ihe control system must be both 
cure fu] ly selectei! and care ful ly adjusied ifii is to produce good resulis. 
l"be feedforwird sy stern has unlsmited possihiliiies in rnariy process 
appl icaii ons . lise only limitat ion vil' fee d forwar d control is Ibut ît cari 
only be apptied where cum plex, ity justific* iis expense. 

Referencea 

S h i ii s kt y. K. O ■ - Frttt ■<'* v f . *ti 1 1 ; Sysîe // u N ev,- Yo r k ; M cG ni w -Mii: Bo< > k 

Compuny. 1 b7' : j. 

Sbmskey, K G. , Cârtim! fâţ* Produc iivlty urni Energy mirm. 

New York - Mc G ra w-Htll Book Cu m pn n > . 1977. 
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Questions 

16-1. The feedback control system: 

a. Cannot make corrections until a measurable error exists 

b. Makes a change in output which is the differentiated error 

c. Is always superior to a feedforward system in operation 

d. Is theoretically capable of perfect control 

16-2. The feedforward control system: 

a. Cannot make corrections until a measurable error exists 

b. Makes a change in output that is the integrated error 

c. Requires little knowledge of the process before installation 

d. Is theoretically capable of perfect control 

16-3. The original boiler drum le vel application of feedforward control, 
developed in 1925: 

a. Is still being applied every day 

b. Was abandoned because of poor measuring techniques 

c. Worked well only with the particular boiler for which it was originally 
designed 

d. Was immediately recognized as the ultimate control system 

16-4. A properly designed feedforward control system: 

a. Should be applied to every process 

b. Should be employed when its use can be justified economically and 
technologically 

c. Is always easier to adjust than a feedback system 

d. Will always result in more economical process operation 

16-5. The most dramatic application of feedforward techniques has occurred 
in their application to: 

a. Heat exchangers c. Flow processes 

b. Level processes d. Distillation columns 
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Computer Interface and Hardware 


For many years the slide rule, an analog device, was a universally 
popular and useful calculator. In recent years, the slide rule has been 
replaced by the pocket calculator, or electronic slide rule — a digital 
device. The advantages of the calculator are obvious. Similar advan- 
tages, proporţional to the required investment, are possible from prop- 
erly applied digital control systems. 

A digital computer cannot reason for itself. Therefore, it must be 
provided with all the relevant data and told exactly how to solve the 
problem. This is called the program, or “software.” Essential to a basic 
understanding of software and its operation is the identification of its 
funcţional components — the hardware. This chapter will be devoted to 
a discussion of hardware. 


Basic Elements of the Computer 

Computers are designed to perform the particular varied tasks assigned 
to them. For example, a computer designed for machine control would 
not make a very good filing system. Nevertheless, there are several 
basic elements common to all computers. These elements are shown in 
Figure 17-1. 
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Fig. 17-1. Computer elements. 

Input 

In its simplest form, the input System translates the input information 
prepared by people into a form to which the machine can respond. 
Generally, the source of computer input information includes punched 
cards, punched or magnetic tape, or a special typewriter. 

The input system converts information into a series of signals. 
Each signal is merely the presence or absence of a voltage or electrical 
current. A signal is either there or it is not there at any particular time. 
Just as the 26 symbols of the English alphabet can be combined into 
many different words to convey information, so can the two symbols of 
the computer alphabet (signal and no signal) be combined to form 
words, phrases, and sentences in computer language. When the infor- 
mation is put into this form, the computer is able to work with the 
information and process it through a series of logical operations. 

The input information, now in the form of signals, is next sent to 
the computer memory. 

Central Processing Unit (CPU) 

The combination of the working memory, control, and arithmetic ele- 
ments is often called the CPU. The CPU has a bus for transmitting 
and receiving signals, and the controllers, or modules, which are tied 
directly to that bus. At the “head” of the bus is the central processor, 
which decodes and executes instructions, a series of which are stored 
in memory as programs. The central processor Controls the activity of 
its bus, performs the computations with the data it obtains from various 
devices connected to its bus, and Stores the results of these computa- 
tions in its memory, alternaţi vely transmitting them to the appropriate 
bulk storage device or controller. 

Memory 

This element Stores information until it is needed. Just as people store 
in their memories multiplication tables, phone numbers, addresses, 
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schedules of what they plan to do, the computer memory Stores Infor- 
mation for future reference. The memory element is passive in that it 
merely receives data, Stores them, and gives them up on demand. 
Devices used as memory elements include magnetic cores, magnetic 
drums, tape recorders, disks, and solid-state devices. 

Control 

The next element, the control unit, is active. It selects information from 
the memory in the proper sequence and sends the information to other 
elements to be used. In addition, the control unit conveys commands so 
that the next element down the line will perform the proper operations 
on the information when it arrives. Thus, the control element makes 
decisions. 

Arithmetic 

The arithmetic unit receives information and commands from the con- 
trol unit. Here, the information, still in the form of symbolic words, is 
analyzed, broken down, combined, and rearranged in accordance with 
the basic rules of logic designed into the machine and according to the 
commands received from the control unit. 

The astonishing phenomenon is that there are so few rules of logic 
designed into the machine. The power of the digital computer lies in the 
fact that it can perform complex operations rapidly by breaking them 
down into a few simple operations that are repeated many, many times. 
By performing these few simple operations over and over again in 
many different combinaţi ons, immense problems can be solved a bit at 
a time, but at fantastic speed. 

Output 

When the signals have passed completely through the arithmetic unit, 
they no longer take the form of a problem, but now assume the form of 
an answer. This answer is passed back to the memory unit and along to 
an output element. The output element reverses the process, convert- 
ing the new train of signals back into a form that can be undestood by 
the operator or by other machines. 

Types of Memory 

Core 

This is the main memory associated with the computer. The basic unit 
of storage within main memorv is called a word. Process computer 
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systems typically have main memories with storage capacities between 
24,000 and 64,000 words. Memory sizes are usually expressed as multi- 
ples of 1,024 words, for example, 24K, 64K, and so on, where K equals 
1,024. (A 24K memory actually contains 24,576 words). Since main 
memory is essentially part of the basic computer, access to it is ex- 
tremely rapid. 

Drum 

A drum is essentially a continuous loop of magnetic tape. A cylinder is 
coated with a ferrous material similar to that used on tape. The cylinder 
is then kept in rotation and read/write heads are positioned around its 
circumference. Each head writes only on that track (bând) of the drum 
with which it is aligned. 

Heads are energized by addressing circuits that select the desired 
track and are synchronized by the output of a prerecorded timing track, 
which generates pulses at bit and word time intervals. In this fashion, 
computer words can be written on any track and at any word position 
of that track. 

In either writing or reading a word into a given position, the longest 
wait encountered is the time of one complete drum revolution. Drums 
typically rotate at speeds of up to 6,000 RPM. Figure 17-2 shows the 
basic elements of drum memory. 

Disk 

A disk is similar to a drum. Data are stored on the magnetic surface of a 
flat circular plate, like a phonograph record. The disk material is 
somewhat similar to that used in magnetic tape. Stored information is 
divided into tracks, or sectors, as with a drum. The primary difference 
is that the disk has only one read/write head that moves from track to 
track. The advantage to this design is that it is less expensive than 



Fig. 17-2. Magnetic drum memory. 
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multiple heads. However, the mechanical movement of the head 
causes data access to be slower than with drums (Figure 17-3). 

Semiconductor (Solid-State) 

The semiconductor memory, like the others, is simply an information 
storage device. These memories are classified into a number of types 
according to such variables as manufacturing technique, how informa- 
tion is put in and taken o ut, permanence of storage, and other charac- 
teristics. In any memory, the binary bit storage location must be ad- 
dressable. Further, it must be possible to read the state of every binary 
word. If the binary words can be read but not changed, the memory is 
called a read-only memory (ROM). If the contents of the memory can 
be changed as well as read, it is called a read/write memory. Read/write 
memories are commonly called random-access memories (RAM). A 
memory is said to be randomly accessible if individual binary words 
within the memory can be accessed directly. Solid-state memories are 
also divided into two categories — static and dynamic. Static memories 
are bistable. Information is stored in either of the two stable States. It 
remains in a state until changed by an externai signal. A flip flop is a 
common form of static memory. A dynamic memory circuit uses logic 
absence or presence, zero or one, in the form of a capacitor charge, as a 
storage element. Because a capacitor charge can leak off, it must be 
periodically recharged or refreshed. 

The specifications for the memory used in the FOX 3 computer 
are as follows: N-channel MOS, 4K by 1 bit RAM. This translates into 
N-type material, manufactured by metal oxide semiconductor (MOS) 
technology, 4096 bits on each chip, and 16 chips per array for a total of 
4096 words with 16 bits per word. One logic board contains two array s, 
which provides 8192 addresses per board. The unit can accommodate 
from three to eight boards or 24 to 64K words capacity of random-access 
memory. The FOX 3 also contains a diskette (small disk) which is used 



Fig. 17-3. Magnetic disk memory. 
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diskette (small disk) which is used for both bulk storage and for initiat- 
ing programs into the working solid- state memory. 

Operator Communication Devices 

The process computer system supports various operator communica- 
tion devices that enable the process operator to observe process mea- 
surements, enter control set points and tuning parameters, request logs 
and summaries, and trend criticai process variables. These devices 
include operator’ s consoles, auxiliary special-function keyboards, 
alarm and message typers, trend recorders, Teletype® and CRT termi- 
nals, and remote CRT monitors. 


Process Interface Equipment 

Process parameters that are monitored by the control system are called 
inputs. Voltage or current signals from measurement sensors are 
classified as analog inputs, since the voltage, or current value, is analo- 
gous to the value of the measured process parameter over the entire 
parameter range. Some process parameters, such as flow rates mea- 
sured using turbine flowmeters, are monitored by pulse-generating 
devices and are classified as puise inputs. Limit switches and other 
contact sense devices indicate which of two possible States a parameter 
is in, such as pump (on or off) and pressure (high or low). This type of 
process measurement is called a digital input. 

Since the FOX 3 is a digital system, there must be some means of 
converting the analog signals from the field devices into equivalent 
form before it can be used in the computer. This conversion is done by 
an analog to digital convertor which, when activated, converts the 
input voltage to some equivalent digital number. The key phrase is 
“when activated.” Since there could be a large number of inputs to any 
computer system, it would be wasteful to have one A/D convertor for 
each input. Therefore, one convertor will function for a number of 
inputs, and each time any of these inputs is sampled the A/D convertor 
is also activated. 

The input/output (I/O) module reads the current process signal, 
converts it to a number that can be read and processed by the control 
computer, and notifies the computer that the value is available by send- 
ing it an interrupt. The computer reads the converted parameter value 
and Stores it in its memory for further Processing. 
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There are severa! types of computer Systems. The most common 
type is the business or data-processing system. Next is the scientific 
type, and last — but most important to the process industry — is the 
process control computer system. 

A process control computer system is an on-line computer system. 
Measurements and other indications from the process are sent directly 
to the computer system. The computer system changes the analog 
signals to digital words, and then performs the proper control equa- 
tions. Results of control calculations are sent to the computer system’s 
output circuits, which change digital words to analog signals, which 
then return to the process. Many loops are controlled by this means. 
Since data for each loop reside somewhere in the computer system, 
occasionally these systems may also be used simply to collect informa- 
tion for the operator. However, this is simply an extension of the con- 
venţional analog system. The true process computer, when used for 
control, is part of the closed loop. 

The o ut put s from the computer connect to the controller via the 
analog output subsystem. In this closed-loop configuration, the com- 
puter will take the measurement and perform calculations based on the 
measurement and other process parameters. The computed results, or 
control strategy, will be sent to the selected controller to update the 
controller set point or to change the controller output directly, thereby 
driving the valve. 

If the computer determines the set point of an analog controller, it 
is called a set-point control system. Set-point, or supervisory control 
systems, use the computer to determine new set points. Measurements 
are sent to the computer and the analog controllers. The computer 
partially replaces the operator by changing set points in response to 
process changes, production schedules, and supervisory control pro- 
grams while control is by convenţional analog means. This frees the 
operator for more important tasks. 

Direct digital control is a system in which the manipulated vari- 
ables are controlled directly by the computer. A valve is driven accord- 
ing to the result of computer calculation of the control equation or 
algorithm for that loop. (An algorithm is an equation that is repeated 
many times. Algorithms are named for the control action they pro vide, 
i.e., Lead-Lag, Proportional-plus-Integral, Ratio, etc. These algorithms 
make up most of the control actuating program of the control software. 
Thus, the actual operation of the closed-loop computer control system 
can be subdivided into DDC (direct-digital control) or SPC (set-point 
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control). The typical process computer has the capability of operating 
in either fashion. At times, a combination of these techniques may be 
employed. 

Having explored the functions that are carried out by a computer, 
let us look at an actual computer. Computer systems are available in 
many sizes with varying abilities. Since this presentation is simply an 
introduction, the computer selected is of modest size, but is used 
widely for monitoring and process control of plants such as the one 
shown in Figure 17-4. 

This computer system has a multiprogrammed operating system 
and utilizes modular equipment. The process interface is through SPEC 
200/INTERSPEC (Foxboro multiplexing system). The INTERSPEC 
port plugs into the FOX 3 the same as any other peripheral device and 
accepts, converts, directs, and transmits the many signals that flow 
between a SPEC 200/INTERSPEC system and the FOX 3, allowing the 



Fig. 17-4, Typical process plant. 
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Fig. 17-4. (< continued ) Analog/digital instruments. 


FOX 3 to perform process monitoring, supervisory set-point control, or 
direct-digital control of even the most complex loops. Standard 
software packages have been developed and are available for process 
monitoring and control applications. Those discussed in the next chap- 
ter may be employed to create video displays, as well as other support 
facilities. 

The FOX 3 system equipment provides the speed, storage, and I/O 
capabilities needed for real-time, on-line data acquisition and control 
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Fig. 17-4. ( continued ) Fox 3 computer. 

applications. It combines the reliability essential to process applica- 
tions and the funcţional modularity necessary for economical growth 
and ease of maintenance. 

Funcţional modularity means that the system is composed of basic 
building blocks, such as a completely independent, intrinsically safe, 
I/O subsystem. 
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Fig. 17-4. (continued) Parts of this figure show major components in a computer system: 
process plant, instrument s, computer, and operator. 


The major hardware components of a FOX 3 system include: 
Processor cabinet (Figure 17-5) 

Peripheral equipment (Figure 17-6) 

Process I/O interface (Figure 17-7) 

AII of the electronics necessary for system operation are housed in 
this single cabinet, which contains the following elements: 

Microprocessor 

The major funcţional elements are four microcontroller chips chosen 
for their high-speed characteristics and application flexibility. The mi- 
crocontrollers form a 16-bit processor that interprets the language 
statements stored in memory that directs the FOX 3 to perform its 
control functions. It can perform arithmetic calculations in both fixed 
and floating-point format s. 
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Fig. 17-7. Process interface through 
Foxboro SPEC 200/INTERSPEC. 


Fig. 17-6. Peripheral equipment. 
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Diskette 

The diskette provides a simple, fast, safe, and convenient method for 
the user to save a permanent record of tasks, schemes, or the entire 
contents of memory (Figure 17-8). Data can be reloaded from diskette 
to memory at any time. 

Processor Service Unit 

This unit is an integral part of the processor and performs off-line 
funcţional te sting of criticai processor operating parameters. It is used 
in conjunction with a diagnostic diskette and eliminates the need of 
procuring separate processor test equipment. Just as the patient tells 
the doctor where it hurts, the diagnostic program tells the technician 
where the trouble lies. 

System Clock 

The line frequency clock provides a time reference that schedules 
many functions vital to accurate and effective control applications. It 



Fig. 17-8. Diskette. 
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can be used to generate interrupts, provide references for measuring 
elapsed time, control program sequencing, and so on. 

Peripheral Interface Logic 

This logic provides a standard interface channel for easy interconnec- 
tion with all keyboard/printers, alarm loggers, video consoles, and so 
on. Each interface channel supports full-duplex operation. The FOX 3 
provides up to eight channels for devices that may be located up to 8 
kilometres (5 miles) from the processor cabinet if opţional models are 
used. 

Other components located within the cabinet include a battery 
backup unit that provides power to system memory for up to 30 min- 
utes (optionally for 24 hours) during power outages, power fail/restart 
circuits that assure continuous process control during power dips or 
outages, a service panel that monitors cabinet temperature and power, 
as well as the mode (normal/backup) of the process controllers and the 
system power supplies. 

Conclusion 

We should note that the physical size of a computer in no way relates to 
its power or performance. Computers cannot be compared in terms of 
the sizes of memory banks or cycle times, since these factors do not 
indicate the power available to perform the required tasks. A reliable 
method for selecting a computer involves running the same higher lan- 
guage program on several types and sizes. Note the ease of develop- 
ment, the results in time of execution, the amount of storage consumed 
by each computer, and the potenţial ability to handle development of 
programs while the process is under computer control. 

A digital computer system may or may not be more economical 
than the equivalent analog system, depending upon the complexity of 
the system, performance requirements, projected long-term changes, 
and other relevant factors. For many applications, the digital system 
will prove to be more economical than an equivalent analog system. 


Questions 

17-1. A digital computer 

a. Has the ability to solve problems by reasoning 

b. Can only do the things it has been taught to do 
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c. Has all the answers on file in its memory 

d. Makes assumptions and estimates the answer 

17-2. The computer’ s memory element is 

a. Passive c. Always a magnetic device 

b. Aggressive d. Always a capacitive device 

17-3. The arithmetic unit receives Information and commands from 

a. The operator’ s console c. The control unit 

b. The memory d. A punch tape reader 

17-4. The longest delay in reading information from a drum is 

a. One drum revolution 

b. 1 second 

c. V6o second 

d. Dependent on track configuration 

17-5. A disk recording surface is made of 

a. Aluminum 

b. Cast iron 

c. Fiber 

d. Plastic containing magnetic material 

17-6. A process control computer system is 

a. A real-time system 

b. An off-line system 

c. Independent of the control loop 

d. On-line until the operator presses the release key 

17-7. A process control computer system 

a. Always costs more than an equivalent analog system 

b. Always costs less than an equivalent analog system 

c. May prove cost effective if future changes and process efficiency are 
considered 

d. Will always provide superior control 

17-8. Most process inputs to the computer control system are 

a. Digital c. Pulses 

b. Analog d. On/off 

17-9. The input/output module reads the process signal and notifies the 
computer it is available by an 

a. Interrupt c. Activating puise 

b. Alarm d. Equivalent digital number 

17-10. A diagnostic program is useful for 

a. Locating information in memory 

b. Locating process malfunctions 
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c. Off-line funcţional testing of operating parameters 

d. Indicating when routine maintenance is needed 

17-11. A system clock 

a. Keeps the operator aware of the time 

b. Schedules functions vital to control applications 

c. Programs the rate at which memory is searched 

d. Places the alarms on a periodic basis 

17-12. The power of a process control computer 

a. Is a direct function of physical size 

b. Depends only on available memory 

c. Can be evaluated only by applying a higher language to the computers 
being compared 

d. Is measured by the total number of control loops it can handle 
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Computer Software and Operation 


A Brief Introduction 

By definition, software is the collection of programs and routines asso- 
ciated with a computer. The first working process computer became 
operaţional in 1958. These routines involve other programs such as 
compilers, library routines, input/output (I/O) device handlers, plus 
various other devices shown in Figure 18-1. This figure is termed a 
software configuration. The computer performs many tasks in decimal 
parts of one thousandth of a second. While it is extremely fast, it can do 
only one thing at a time; therefore, an executive program is provided to 
control the order in which tasks will be accomplished. This is called a 
priority schedule. Under the control of the executive are process I/O 
service handler programs, terminal I/O handler programs, and applica- 
tion programs such as scanning, alarming, controlling, and logging. 
Thus, the executive is both a manager and a traffic director. 

Computer systems also have on-line compilers and off-line compil- 
ers. The example shown in Figure 18-1 is an on-line system. This means 
that, while the system is actively monitoring or controlling process 
routines, the engineer or programmer may at the same time modify his 
control scheme or compile new scan-and-alarm-logging programs. 
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Fig. 18-1. On-line system. 


Thus, changes in the various application programs or the overall con- 
trol scheme may be made without shutting down the computer or 
removing the plant from the control of the computer. The on-line capa- 
bilities of some computer systems have been used to develop mainte- 
nance programs that allow the computer to diagnose itself and to gen- 
erate alarms when preventative maintenance is due. 

On the other hand, some computer systems require that compilers 
be loaded off-line, which means that the computer must be shut down 
for modification of programs. No process control is carried out during 
the modifications. With certain types of computers, program develop- 
ment must be carried out on a different machine altogether. To compare 
on-line with off-line operation, let us assume that a particular solenoid 
valve fails to energize as a result of a minor computer I/O failure. If the 
computer has on-line capabilities, a test program can be compiled im- 
mediately to determine the location of the problem. The maintenance 
man, using the test program, can isolate the specific point of failure and 
determine the proper action to take without affecting the rest of the 
process. However, with an off-line system, the computer would have to 
be shut down to develop or load a test program into the compiler and 
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isolate the problem. Some off-line computers will not even allow the 
tuning of control loops without shutting down. 


Basic Computer Operation 

The steps the computer negotiates when it follows the program are 
shown in a general way in the following discussion. First, a program is 
written and converted into a language the machine can understand. 
This is called machine language. 

For our illustration, let us: calculate output No. 1 by solving the 
A x B 

equation — ^ — where A = 25, B = 4 and C = 5. The program will be 

stored in memory, beginning at location 200. For the purpose of sim- 
plicity, these instructions have been shown here symbolically. 

Instructions enter the machine through some type of input equip- 
ment (Figure 18-2). The input equipment would normally be used to 
convert these instructions into electrical pulses that would represent 
the data. The control logic sends command signals to the input equip- 
ment and the memory, causing data to be transferred to memory for 
storage. The control logic probably would be initiated by an operator 
function. Once the program and its data have been stored in the mem- 
ory, the program can be run. Again, this likely would be initiated by an 
operator function. 

The operator would set the starting address where the program has 
been stored on a set of computer console switches — in this case, ad- 
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Fig. 18 - 2 . Instructions entering memory. 
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dress 200 — then press a start button. As a result, the control logic 
would obtain or “fetch” the first instruction from the address that was 
provided by the operator through the console (Figure 18-3). 

After fetching this first instruction, the control logic would have to 
interpret and determine the type of instruction. In this case, the control 
logic would establish this as a MULTIPLY instruction. The control 
logic is capable of determining the type of instruction because of the 
way in which an instruction is coded. Each type of instruction has a 
particular operation code associated with it. Therefore, the control 
logic decodes that portion or field of the instruction that contains the 
operation code and, as a result, provides other pieces of logic that will 
be needed for the execution of that instruction. To execute the MUL- 
TIPLY instruction, the control logic must allow the two factors (A and 
B) to be obtained from memory and brought to the arithmetic unit. The 
addresses of these two factors (204 and 205) would also have been 
provided in this hypothetical instruction. 

Upon entry into the arithmetic unit, the two numbers will be multi- 
plied, resulting in a product of 100, which would reside in the arith- 
metic unit’s temporary storage register or accumulator. 

After executing the multiply instruction, the control logic sets itself 
up to fetch the next instruction, which is located at Location 201 (Fig- 
ure 18-4). After fetching this instruction from its memory location, the 
control logic will interpret it. This time, the control logic establishes the 
operation code as a DIVIDE instruction. The control logic will be set 
up to perform the division using data from the address specified by the 
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Fig. 18-3. Fetching the first instruction. 
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Fig. 18-4. Performing the divide operation. 


DIVIDE instruction — Location 206. The divisor value (5) will then be 
brought to the arithmetic unit and the division process will be per- 
formed upon the accumulator contents and the data from Location 206. 
The result of this operation is the quotient of 20, which becomes the 
new accumulator contents. 

The control logic will now fetch the next instruction from Location 
202, this time finding an output instruction (Figure 18-5). Since the 
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Fig. 18-5. Output of data. 
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output instruction is not an arithmetic instruction, the control logic will 
handle it somewhat differently than for the arithmetic MULTIPLY and 
DIVIDE instructions. 

Instead of looking for an address where it can find other data 
words, the control logic will look for a code that will specify the device 
to which the contents of the arithmetic unit should be sent. In this case, 
the output instruction is specifying device No. 1, which we will caii a 
line printer. The contents of the arithmetic unit will be sent to the line 
printer as a result of control logic signals sent during the execution of 
the instruction. 

Finally, after the output instruction has been completed, the con- 
trol logic will return to fetch the next instruction, this time from Loca- 
tion 203 (Figure 18-6). When it determines that it has fetched a HALT 
instruction, it will bring the memory and control unit timing circuits to 
an orderly shutdown. 

Many steps are necessary to perform even an elementary problem. 
In some of the most complicated problems, the number of instructions 
necessary to define the problem completely may require hundreds of 
instructions. However, it must be kept in mind that the computer can 
execute these programs at lightning speeds, since cycle or operating 


MEMORY 



Fig. 18-6. Halting the program. 
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time of these instructions is in the order of microseconds (millionths of 
a second). Any problem or condition that can be represented logically or 
numerically, can be solved with the digital computer. In addition, once 
a program has been written, the computer is able to solve that problem 
repeatedly, using original or new data. 

Real-Time Clock and Power Fail/Restart Logic 

The real-time (line frequency) clock interrupts the system at a high 
priority level every x k o of a second so that the system can time events 
to this degree of accuracy. The clock “tick” is accumulated into 
seconds, minutes, and days so that user programs can respond to 
time-oriented events. 

The power fail/re start module continually senses system ac power. 
If power drops below a predetermined threshold, the module interrupts 
the system, forcing it to come to an orderly shutdown (before insufi- 
cient power is available to read and write memory). On the retum of 
suitable operating power, a second interrupt forces the system to re- 
sume operations. 

The term “control system software” describes all programs that go 
into the making of a complete control system. On large Systems, pro- 
grams are placed in bulk storage (drum, disk, tape, etc.) and the operat- 
ing system Controls the transfer into cone or semiconductor memory 
for program execution. These programs are grouped into three basic 
categories: the operating system, control software, and support 
software. The operating system consists of programs that control sys- 
tem resources and do internai housekeeping. The control package con- 
sists of programs that interface with the process to accomplish some 
level of control. The support programs consist of programs that mini- 
mize the user’s effort in using the system. 


Control Software 

The primary approach to process and plant control is to use a building 
block concept to complete control loops. Each block in this control 
loop represents a mathematical algorithm that is performed on some 
piece of information to achieve some other piece of u şeful inform ation 
in the control scheme. These algorithms are performed at fixed periods 
to achieve the proper control. These periods, called scan periods, gen- 
erally range from one second to seve ral minutes. Every control loop in 
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a plant will be represented by a number of these control blocks. To 
minimize the user’s efforts in creating a control scheme, most control 
systems employ the standard algorithms currently used in analog con- 
trol. These blocks are assembled in a file called the data base. The data 
base contains all the information necessary to define each control loop, 
both internai to the computer and externai to the user. 

Building the data base is the first task that the user must perform 
with the control system. This building effort is often accomplished by 
using fill-in-the-blank forms to describe the type of control and the type 
of control scheme that is to be accomplished. These forms ask such 
questions as: What is the name of the control loop? What is the range of 
the measurement and the engineering units? It asks for such things as 
set-point and measurement limits. It also asks for the hardware address 
of the measurement and the control valve. After all the questions are 
answered, these forms are converted into punch cards, paper tape, or 
other means and fed into one of the control programs called a data-base 
generator. The data-base generator converts this information into espe- 
cially formatted words that are filed away and utilized by the control 
program. 

Having created the data base and, of course, having the operating 
system and the control program, the user can then load the data base 
into the system and start to control the process. Since data base modifi- 
cations are frequently required, provision must be made for on-line 
data-base-modifying routines. This is a part of the control package. 
Data-base modifications would include simple set-point changes 
through more sophisticated modifications. 

As the level of control increases, the building block approach soon 
becomes inadequate to handle the special needs of individual plants. 
Therefore, rather than try to create standard algorithms that apply to 
all control needs, an interface is normally provided within the control 
package to allow user-written programs to assume some of the control. 
With the capability of user programs interfacing to the control package, 
either the engineer or the programmer, or both, can accomplish various 
sophisticated functions in terms of plant level control. Production 
scheduling, inventory control, and material tracking are just a few of 
the many powerful things that can be accomplished. The only limitation 
is the capability of the engineer/programmer and the time available to 
develop the control scheme. An important component is the support 
software, called the compiler. The compiler converts the language em- 
ployed by the engineer/programmer into machine language the com- 
puter can understand. 
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Now let us demonstrate how a typical process computer, the FOX 
3, is programmed to carry out its control assignments. The system 
language is called Foxboro Process Basic (FPB). This language has 
evolved from the American National Standard Basic with some modifi- 
cations provided by Foxboro Process Language (FPL), which was de- 
veloped originally as a programming tool for small computers. 

In FPB, tasks (programs) are written like operating instructions, 
using expressions (statements) familiar to process people. This FPB 
enables process engineers and operators to build, operate, and modify 
process monitoring and control tasks, using convenţional process ter- 
minology. 

Within the computer’ s memory there exists a program that will 
convert the FPB into so-called machine language that the computer can 
utilize. This function is called a compiler. 

Achieving Process Control 

The purpose of a language like FPB is to allow the user to teii the 
computer what to do and how to do it, in a concise and orderly way. To 
attain a control objective, the user first defines the problem in func- 
ţional terms, then designs an appropriate solution. The next step is to 
express the solution as a structured set of statements. The supervisory 
porţi ons of the solution are written as FPB tasks. 

These tasks are groups of FPB statements arranged so that they 
describe a set of procedures for the FOX 3 system to follow. Typically, 
these tasks describe supervisory functions, such as generating reports 
and controlling the sequence of process operations. To define a task, 
the user types FPB statements at the interactive device currently serv- 
ing as the system terminal. Once entered, a task is ready to run. 

The illustrations below show a simple batch process. The task 
called CHARGE involves mixing two materials in a tank, heating the 
mixture, and holding it at a constant temperature for 20 minutes before 
draining the tank. Figure 18-7 shows the process diagram. Figure 18-8 
is the flow chart depicting the steps to be taken to control the process. 
Figure 18-9 is the FPB task that performs those steps. 

When the user types the command: RUN CHARGE, the task will 
begin executing; that is, the materials will be mixed, heated, and held at 
the specified temperature, and, after the designated interval, the tank 
will be drained. 

An important part of the FPB software is the control package, 
which is the means of describing the process interface and control 
structure to the FOX 3 system. 
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Fig. 18-7. Process for charge task. 


In a question-and-answer format, the user enters the specific 
characteristics of the process control and computaţional elements to be 
used. This description is called a “block.” Blocks can be connected to 
form a variety of control strategies, called “schemes,” which teii the 
system how to control the process. 

A block is comparable to an analog device. It is a conceptual en- 
tity, identified by a name, for which certain monitoring and control 
functions (called “algorithms”) are defined. By logically connecting 
blocks of various functions, the user can create a block scheme in the 
computer which can replace or enhance an analog control scheme — 
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Fig. 18-8. Flow chart for charge task. 



Fig. 18-9. Charge task written in FPB, 
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Fig. 18-10. Analog fiow loop. 

receiving measurements from the plant, Processing these signals, per- 
forming control or computaţional functions, and retuming control sig- 
nals to the plant. 

In a simple analog flow loop (Figure 18-10), the signal from a differ- 
ential flow loop is conditioned and transmitted by the square root ele- 
ment (/). The resulting flow signal is passed to a controller, where it 
is subtracted from a set point to produce an error value to be used in 
the control function. 

The control function, or algorithm, is two-mode proportional- 
integral (PI) control, which calculates the new valve position. This is a 
building block approach to process control, since the process engineer 
selects standard “black boxes” that perform defined functions and 
connects them into loops. 

The Foxboro Control Package (FCP) refers to the computer equiv- 
alent of an individual analog device as a “block.” For every analog 
“black box,” there is an equivalent computer “block.” Using the con- 
trol package, the process engineer logically connects blocks to achieve 
control schemes exactly as with analog devices. Figure 18-11 depicts a 
computer-based control scheme equivalent to that in Figure 18-10. This 
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Fig. 18-11. Digital flow loop. 
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is a direct digital control (DDC) scheme because the computer is 
producing the valve position signal. In certain situations, flow control 
would be superior with an analog controller because of its speed. When 
this is necessary, the computer would set the analog controller’ s set 
point. 

FCP consists of standard control blocks that provide a wide range 
of process monitoring, control, and calculation functions. Each FCP 
Control Package block is a standard skeletal definition of one process 
function. The user completes the definition of a block by participating 
in a question-and-answer dialogue with the FOX 3 system. That is, the 
user signifies the kind of block to be defined, and the system asks 
questions about the alarm limits, engineering units, and so on. The 
user’s answers, which define the characteristics of the block, are called 
the block parameters. As in the comparable analog control scheme, the 
block itself is called an algorithm. A wide variety of control block 
algorithms is available. These software blocks now replace analog 
components in the system. 

The user can define each block in the system by specifying all of 
the control parameter values that pertain to each block type. For ex- 
ample, all analog input blocks start with the same basic block structure, 
yet each one can have its own unique set of block parameter values 
such as the frequency of block execution, high and low limits, engineer- 
ing units conversion, and so on. 

In addition to control functions, blocks are available to perform 
alarm functions, displays, monitoring calculations, and virtually every 
function an analog device would accomplish. 

The software for the modern process computer system has pro- 
gressed considerably in recent years. When the first computer was 
applied to the control of a refinery in 1958, it was necessary to program 
the computer in machine language. This was a long and extremely 
tedious job. Modern technology, combined with controller languages 
like FPB, makes the job much easier and infinitely more pleasant. 
Significant improvements in computer technology continue to occur at 
a rate that staggers the imagination. 


Questions 
18-1. A compiler 

a. Stores bulk data c. Establishes priorities 

b. May be on-line or off-line d. Is an input/outnut handler 
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18-2. In computer operation even a simple operation 

a. Requires a sophisticated CPU 

b. Takes many steps 

c. Must be scheduled by the real-time clock 

d. Must be reprogrammed each time it is run 

18-3. An algorithm is 

a. A sequence of calculations performed to obtain a given result 

b. A formula 

c. Always a differential equation 

d. Determined from a table 

18-4. Every analog function 

a. Is duplicated by digital hardware 

b. Should be reviewed to confirm its usefulness 

c. Can be duplicated by digital software 

d. Can be improved upon in a digital system 

18-5. A major advantage of the digital system is 

a. Energy efficiency 

b. The ease of making changes 

c. Economy 

d. Its ability to control without feedback 

18-6. The first working process computer became operaţional in 

a. 1976 c. 1968 

b. 1948 d. 1958 

18-7. The number of tasks that a computer system can carry out depends 
mostly on 

a. Real-time clock c. Its restart module 

b. Capacity of its memory d. Its data base 

18-8. If the computer is examined as a process control tool, we conclude 

a. It has reached its full potenţial 

b. It has the potenţial to become virtually anything you wish to make it 

c. Economically it cannot be justified 

d. It is a more economical method of control for any process. 




Programmed Control Systems 


In a programmed control system, the control point is automatically 
adjusted to follow a predetermined pattern with respect to time and 
process conditions. For example, assume that a food product is to be 
cooked and the cooking process requires the following sequence: 1. 
Raise the batch temperature uniformly up to the cooking temperature 
over a 1-hour period. 2. Cook the batch for 1 hour at the cooking 
temperature. 3. Allow the batch to cool to room temperature gradually 
and uniformly over a 2- hour period. 

This type of process can be satisfied by a programmed control 
station. Originally, most programmed controllers were cam-operated, 
and this technique is still widely used. In the cam-operated controller, 
the control setting movement is replaced by a follower, riding on a cam 
that has been cut to produce the desired schedule. The cam is friction- 
driven by a clock. The cam can be laid out to provide any predeter- 
mined schedule of time-and-process requirements. The cam-operated, 
programmed controller offers the advantages of simplicity and ease of 
operation. The limitations are that it is only a single loop; and a pro- 
gram change requires a new cam layout, and, in some cases, a change 
in cam speed (motor). These limitations made the elapsed-time control- 
ler popular. 
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The elapsed-time controller is designed to bring the measurement 
up to a set point at the start of a preset period (holding period) and 
control it at that point for the remainder of the period. At the end of the 
period, control ceases and the process shuts down until another cycle is 
started. Elapsed-time controllers may be either electronic or mechan- 
ical instruments for application on any process variable. On/off or pro- 
porţional control may be used. 

The timer periods are adjustable and available to provide holding 
periods from minutes to hours. Figure 19-1 shows a typical process 
curve controlled by an elapsed time controller. 


Description of Circuit 

The Model 40E-A elapsed-time controller consists of a convenţional 
pneumatic controller with an additional flapper-nozzle operated by an 
electrical circuit (Figure 19-2). With the elapsed time switch in the 
manual (M) position, the flapper is held against the nozzle irrespective 
of the solenoid plunger position, and the pneumatic circuit functions in 
the usual manner. However, with the elapsed-time switch in the A 
(automatic) position, the flapper is free to be operated by the solenoid, 
which, in turn, is controlled by the timer. 

When the timer is set to the desired value of the holding period, and 
the timer start button (14) is pressed, the timer circuits (1) and (3) are 
completed, as shown in Figure 19-2. The solenoid is energized, moving 
the plunger to the right in the diagram, covering the nozzle, and thereby 
starting pneumatic control. The control valve opens to raise the mea- 
surement to the holding value and maintain it there for the duration of 



Fig. 19-1. Typical process curve controlled by elapsed time controller. 
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Fig. 19-2. Foxboro 40E-A elapsed time controllers. 


the holding period. Electric circuit s are also completed that operate the 
timer motor and the green holding light. 

At the end of the holding period, timer circuits 1 and 2 are con- 
nected, all previous circuits are broken, and the solenoid is deener- 
gized. Air bleeds from the pneumatic circuit and the control valve 
(air-to-open) close to shut down the process. At the same time, the 
electric circuit through the “End-of-Cycle” light is completed. 

This type of elapsed-time controller is, like the cam-operated con- 
troller previously described, a single-control loop device. 

If more than one control loop is involved and additional functions 
are required, the control systems described are inadequate. The iniţial 
solution to the problem might be to use a cam-operated controller for 
each loop, which has been done on occasion. This approach would have 
limited success, since any required change in the program would be 
difficult to incorporate into the system. This type of problem can be 
resolved quite readily by the digital computer. 

A digital computer-oriented system provides versatile, prepro- 
grammed sequential logic control functions. It is used to automate ad- 
justments of analog set points and the check and inhibit actions of 
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interlock logic. Also, the synchronized starts and stops of process 
equipment are completely automated with the use of a computer Sys- 
tem. This computer-compatible logic system bridges the gap between 
mechanical programmers and process computers. The sequential con- 
trol program is designed with an easily understood ladder logic lan- 
guage. The logic operation is created by pushbutton, without wires or 
wiring, and is stored in the memory of a programmable controller. This 
programmable controller is capable of operating multiple, completely 
independent process units at the same time. 


Sequential Control Systems 

In addition to startups and shutdowns of continuous systems, batch 
processes are potenţial applications for computer-controlled systems. 
A stored control program is used to repeat all the events in an opera- 
tion, step-by-step, throughout a production cycle. The program ele- 
ments consist of on/off relay logic, time-delay and elapsed-time pe- 
riods, predetermined counts of pulses, and puise outputs for set-point 
control. 

Elementary mathematical manipulations (addition, subtraction, 
multiplicaţi on, division) can be performed within a step of the logic 
program. Each of the stepped phases of all operaţional events is con- 
trolled by input contacts and feedback. These contact inputs are from 
pushbuttons for manually initiated action or from limit switches for 
positional action. Also, contact inputs can be derived from analog inputs 
for signal comparison or from other permissive interlock or inhibit 
actions. The memory and logic program, shown in Figure 19-3, Controls 
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Fig. 19-3. Funcţional diagram of sequential controller. 
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the conditions when a field output is turned ON or OFF for any of the 
folio wing operations: 

Opening or closing individual valves 
Starting or stopping pumps or agitators 
Operating the lights of communication displays 


Programmable Controllers 

The programmable controller is a solid-state, sequential logic control 
system. It replaces mechanical logic equipment, such as relays, step- 
ping switches, and drum programmers. It is designed and packaged for 
operation in harsh industrial process environments and for high reliabil- 
ity and long-operating life. The logic sequence program, implemented 
by pushbuttons, simplifies the development, checkout, and mainte- 
nance of the control system design. 

The programmable controller consists of four funcţional sections: a 
core memory, a logic processor, storage registers, and input/output 
signal conditioners. The size of the memory determines the logic stor- 
age capacity for individual programs. These programs are executed by 
the control routines of the logic processor and are used to generate 
signals to turn on or off operating field outputs or to adjust set points of 
controllers. To communicate these input/output signals, storage regis- 
ters act as bridges between the signals at field levels and the high-speed 
circuit of the logic processor. The input/output signal conditioners con- 
vert input signals at field levels for compatibility with the logic pro- 
cessor and control the output power for operation of field circuits. 


Programming Language 

The language used to describe sequential on/off logic is an electrical 
ladder diagram with logic line numbers and contact symbols. A logic 
control program closely resembles the format used for mechanical 
relay systems. A typical ladder diagram is illustrated in Figure 19-4. In 
this diagram, the source of power is indicated by the vertical uprights of 
the ladder. The horizontal rungs indicate switch contacts to control the 
flow of power. The four contact symbols used in logic sequences are 
shown in Table 19-1. 
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Fig. 19-4. Logic language (ladder diagram) format. 


Generally, the logic program diagram element s use the same num- 
ber designations as the convenţional relay diagram. However, an indi- 
vidual rung is limited to a maximum of four contact elements. If a logic 
sequence requires more than the four elements, it may be handled as 
follows: The original line output number is used as the first contact 
input reference to the next line. For step-controlled events, a single- 
input contact is used to control many contacts by assigning the same 
reference number as if it were a relay with unlimited poles. 


Table 19-1. Logic Sequence 
Symbols 


TVPE 

OF 

CIRCUIT 

NORMALI. Y 
0P£N 
(NO) 

NORMAL LY 
CLOSED 
(NC) 

SER IES 

Hh 





PARALLEL 

Bl 

Q 
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Programming 

The logic control program is created in memory by the use of a pro- 
gramming panel. A typical panel is shown in Figure 19-5. Logic is 
entered line by line. The programming panel is plugged into the service 
port of the programmable controller. A new program is manually en- 
tered into the memory by pushbuttons marked with the same symbols 
as the four relay contact types. The line number and the individual 
contact reference number are dialed on a thumbwheel; one of the 
pushbuttons, marked with the logic symbol, is then selected and 
pushed. The programming panel contains other types of logic func- 
tions, including time delay or elapsed time, event counting, and calcula- 
tion (addition, subtraction, multiplication, division, and comparison of 
two numbers) for control of a logic line output. 



Fig. 19-5. Programming panel. 
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The logic program lines are designed with seal circuits for momen- 
tary contact inputs or with latch relay circuits for retentive output 
action in case of power failure. 


Logic System Automation 

Proper application of a programmable control system begins with an 
economic justification analysis. Savings are developed principally from 
reduced cycle time and scheduling. Cycle automation provides rigid 
control enforcement to eliminate human errors and to minimize neces- 
sary manual interventions. Increased efficiency in scheduling is to be 
expected with maximum utilization of equipment and reduction of fluc- 
tuating demands on criticai equipment. 

Guidelines should be established to determine future plant goals 
and the direction for the analysis. For instance, in a limited production 


Table 19-2, Operaţional Displays 


PROGRAM 

HEADY 

THE CONTROL CYCLE PROGRAM IS ENTEEED AND THE 
SYSTEM IS PEEPAHED TO HJN A NEW CYCLE. 

RESET 

CYCLE 

TO REFEAT THE SAME RECIFE, THE OPERATOR RESETS 
THE CYCLE TO THE STAHTING POINT, 

CYCLE START 

THE OPERATOR CAN INIŢIATE THE CYCLE, 

PROGRAM ' 
HOLD 

THE CYCLE OPERATING CONDIITON IS FROZEN AT THE 
(LAST) OPERATING LEVEL. 

CHECK/RUN 

ALL FIELD OPERATIONS ARE INHIBITED, AND THE 
PROGRAM SEQUENCE CAN BE MANUALLY ADVANCED POR 
A FREVIEW OF EACH STEP AND OPERATING VALUE. 

MANUAL 

AfiVANCE 

(OPERATED IN THE CHECK FOSITION) STEF-BY-STEP 
SEQtJENCING AKEAD OR BACK THROUGH THE PROCEDARE 
OR RETURNING TO A PRIOR STEP CAN BE ACHIEVED. 

EMERGENCY 

SHUTD0WN 

(OPŢIONAL) 

COMPLETE AND SUDDEN SHUTDOWN OF THE PROCESS- 
ING OFERATION HAS BEEN INITIATED. 

RATE 

INTERRUPT 

(opţional) 

THE CONTROLLER SET POINT RAMPING ACTION IS 
STOPPED AND WILL REMAIN IN THE LAST P0SITI0N 
TJNTIL THE MEASUREMENT IS WITKIN THE 
CONTROLLER THROTTLING RANGE, 
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plant, the economic incentives are immediate from increased 
throughput. In a plant that produces for a limited market, quality con- 
trol, cost reductions, and future flexibility for change are more impor- 
tant. With this type of system, the many possible control schemes are 
as variable as the individual processing applications. 

System Control Displays 

The effectiveness of the programmed logic control system depends on 
cycle status communication. This, in turn, depends on the proper selec- 
tion of compatible display hardware and an understanding of the needs 
of the operator for efficient performance of his job in varying circum- 
stances. The display task is to advise not only the correct information, 
but the most useful information. Table 19-2 lists typical displays that 
might be incorporated into the system. 

A good display technique simplifies the communication of the op- 
eration tasks. There should be no time lost while the operator waits for 
operating status and instructions. 


CLE LOGIC. SYSTEM # 14 
A NODE h NODE L NODE 


DATE i 
0 NODE 


1 MAGE 

REFERENCED IN LINES 1-17 


I — 1 t IM — IVI - 


EMG SO t 

104 

— JM 


: COOKER READY LIGHT 
: NO 107,144 
NC 144 


PRG HO 
>71 102 

INt IM 


EMG SD \ 
104 

—IM 


NATER AOD LIGHT 
NO 56,70, 121,122 


EMG SD 
104 

JM 


GRN AD I GRAI N A00 LIGHT 


I-'It IM — — JM 


EMG SD 
104 

— JM 


EMG SD 

104 

— JM 


AGITATOR FAST LIGHT 
NO 75,126,127 
NC 107, 108 


JM (086) --I 


RESET 

161 106 

JM JM 


EMG SD TP RS1 I 
104 I 

-JM (007) — I 


TEMPERATURE RISE l LIGHT 
NO 60,165,169 
NC 15 


EMG SD 

104 

— JM 


TEMPERATURE RISE 2 LIGHT 
NO 64,106,159,169 
NC 108 


EMG SD 
104 

— IM 


I 

I 154 
1-1 t - 


EMG SD 

104 

— JM — - 


R0 XFR I READY FOR TRANSFER LIGHT 


Fig. 19-6. Computer printed ladder diagram. 
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TIMED HOLD PERIODS 



TIME — ► 


Fig. 19-7. Typical program cycle. 

The outputs controlled by this program adjust the correct Process- 
ing values by moving the set points of the analog controllers. 

The logic system can program the final set-point position by com- 
paring the programmed set-point signal to the measurement signal from 
the process. These signals are interlocked to prevent the sequence from 
advancing to the next step until the measurement has reached the pre- 
programmed set point. A typical program cycle is shown graphically in 
Figure 19-7. 


Conclusion 

The batch processes in the food, Chemical, paper, and cement indus- 
tries are sequential in nature, requiring time-or-event-based decisions. 
Programmable controllers are being used more and more as total Solu- 
tions to a batch problem rather than just a tool. A process control 
computer system generally has the ability to perform a programmable 
controller function. 

Industry’s goal is to improve quality and cut costs. This can be 
done by increasing throughput by minimizing cycle time per batch, and 
consistent production of on-spec products. 


Questions 

19-1. A programmable control system is 

a. A single-cam set controller 

b. A digital computer programmed to carry out a multiloop control 
sequence 
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c. A data logger attached to a multiloop system 

d. Any digital computer that performs set-point control 

19-2. Programmable control systems are generally used with 

a. Flow loops c. Batch processes 

b. Pressure loops d. Large-capacity systems 

19-3. Cam-operated controllers are programmed by 

a. The layout of the cam c. Varying the timer settings 

b. Using the programming panel d. The operator 

19-4. The effectiveness of the programmed logic control system depends on 

a. Cycle status communication 

b. Economic justification analysis 

c. The mathematical manipulations required 

d. The computer it interfaces with 

19-5. Proper application of a programmable control system should begin with 

a. A difficult control problem 

b. A passive process 

c. Proper selection of compatible hardware 

d. An economic justification analysis 





Constructing and Instrumenting 
Real and Simulated Processes 


A process control loop can best be understood when its components are 
combined in a loop and studied in operation. This, of course, requires 
both the instrumentation and a process to be controlled. The process 
may be real, or it may be an analogy or a simulation of a real process. 
This chapter describes how both simulated and real processes can be 
constructed. In terms of operation, there is little difference between the 
real thing and the simulation, but in terms of being able to visualize the 
operation, the real process definitely has the advantage. First, let us 
consider the simulated process. 


Simulated Processes 

The axiom in plane geometry that “two things equal to the same thing 
are equal to each other” applies to the technique of simulating a pro- 
cess and its control. The axiom is applied by constructing a system, a 
simulator, which simulates the behavior of the physical system under 
study. The information from the simulator is applied to the actual sys- 
tem. 

The technique is convenient because it is generally much easier to 
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manipulate the components of the simulator than it is to work with the 
actual system being investigated. It also is a great time-saver, because 
the simulator time base can be manipulated. For example, if a dynamic 
study of a process with a 30-minute time constant were made, it would 
take many hours to collect the necessary data. However, an equivalent 
simulator with a time constant of a few seconds, or even milliseconds, 
could provide the same data in a few minutes. 

Still another area of effectiveness for the simulator is its application 
to the training of instrument engineers and operators. Frequently, it is 
desirable not only to demonstrate control action, but also to let the 
student make adjustments and observe the results. An actual process 
may be expensive and unwieldy, and may contain time constants that 
would make the demonstration too long to be practicai. Both of these 
obstacles can be overcome by a suitable simulator. 

A process simulator may be analog or digital; that is, it may use 
voltages or pressures, currents or flows, or other continuous variables 
to represent the process. Or a digital computer may be used to make a 
digital simulation of the process. Only the analog simulator will be 
considered here. The process simulator may be electric or pneumatic; 
the choice usually is dictated by the type of instrument mechanisms 
being investigated. 

The response of many process elements is similar to that of a single 
resistance-capacitance ( RC ) electric circuit. More complicated process 
elements usually have a response similar to several RC elements in 
series. Thus, three RC groups can simulate a three-element process. 

Constructing an Electric Process Simulator 

A three-element electric analog simulator for a process containing mul- 
tiple capacitances and resistances, including an adjustment for gain and 
load changes, is shown in schematic form in Figure 20-1 and pictured in 
Figure 20-2. This simulator consists of three RC networks whose resis- 
tance value— and hence the RC (time-constant) value— is adjustable. 
The middle capacitor in the series has an adjustable resistor in parallel 
with it to simulate process load changes. 

The output of the RC network P has an adjustable gain control, 
making it possible to simulate various process gains. Output P is 
amplified, recorded, and brought to the controller input to close the 
loop. With the adjustments available, this analog simulator has the cap- 
ability of simulating a wide variety of process types and operating con- 
ditions. It has the further advantage of being reiaţi vely inexpensive and 
easy to construct. 
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Fig. 20-1. A three-element electronic simulator for a process containing multiple 
capacitances and resistances and used with Foxboro SPEC 200 equipment. 

Now let us examine a commercially available analog simulator and 
the features it makes available. 

The Foxboro Electronic Process Simulator 

The Foxboro Company electronic process simulator is a lightweight, 
portable, self-contained real-time simulator (Figure 20-3). A wide range 
of industrial processes can be simulated with this device. 



Fig. 20-2. Electronic analog. 
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Fig. 20-3. Process simulator. 

The simulator consists of three serially connected special elec- 
tronic circuits. One circuit simulates a final actuator — commonly valves 
or dampers of various sizes and characteristics. A second circuit (Pro- 
cess 1), simulates a fast-flow process. The third circuit (Process 2), 
simulates a thermal process. 

Simulated final actuators (valves, dampers, and so on) may be 
scaled to a range of sizes. The simulated final actuator characteristics 
may be linear or nonlinear, with either a slow or fast response time. A 
hold position is provided to allow display of the controller output with- 
out the dynamic effect of measurement feedback. 

Process 1, the fast-flow or materials feed process, is adjustable for 
process gain. Single or repeated load upsets, with or without noise, can 
be superimposed on the input to Process 1. 

Process 2, the slow heating, tank, and reactor process, is adjustable 
for total-process time lag and process load. In addition, the circuit 
allows the simulation of linear or nonlinear processes with three differ- 
ent sensor gains. 



Fig. 20-4. A student and the author at electronic process simulator. 


When using pneumatic instrumentation, controllers, and recorders, 
it is necessary to add only pneumatic-to-electric and electric-to- 
pneumatic converters between the simulator and the instruments. With 
such converters, useful and direct comparisons can be made between 
electric and pneumatic instruments. 

The process simulator input, the manipulated variable, is an analog 
signal either 10 to 50 mA dc, 4 to 20 mA dc, or 0 to 10 volts dc. 

The process simulator outputs (MEASUREMENT 1 and MEA- 
SUREMENT 2) from, respectively, Process 1 and Process 2, appear as 
the same type of signals. 
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MANIPULATED MEASUREMENT 1 MEASUREMENT2 

VARIABLE INTERN AL i i 



Fig. 20-5. Connection block diagram. 

Inside the simulator, special purpose solid-state electronic cir- 
cuitry provides the features and characteristics to provide realistic 
simulation of a variety of processes. 

Circuit block diagram Figure 20-6 shows the internai arrangement. 

Assume that we wish to simulate a heat exchanger — a single- 
element temperature control as shown in Figure 20-7. 



Fig. 20-6. Circuit block diagram. 
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Fig. 20-7. Heat exchanger— single-element temperature control. 

In this single-element temperature control system, the controller 
compares a measurement of hot water temperature with its manually 
adjusted set point to develop an output signal. This output signal feeds 
to and Controls a fast-acting equal percentage steam valve. 

The size of the heat exchanger, hot water load, steam pressure 
variations, and many other factors determine the success of the control- 
ler in its efforts to control the hot water temperature. 

As stated in Chapter 1 1 , the final actuator or valve must be prop- 
erly sized. To accomplish this, several steps must be taken. The valve 
characteristic linear or equal percentage also must be selected. 

The final actuator should be sized to bring the simulated process (1 
or 2) measurement to 100 percent when the controller output (manipu- 
lated variable) is 100 percent. To do this: 

1. Adj ust controller output to 100 percent. 

2. Adjust Process 2 load to the highest anticipated load. Low - 0.2, 
High - 5.0. 

3. When using Process 1 but not Process 2, adjust to normal (1), 
center (up) position. 

4. Adjust final actuator gain to bring Process 2 measurement to 100 
percent. 

5. Adjust Process 1 gain to bring Process 1 measurement to 100 per- 
cent. 

Now we are ready to tune the controller to control the simulated heat 
exchanger process, using the procedures outlined in Chapter 12. The 
results would be similar to those shown in Figure 20-9. Once the 
simulator has been set, it should not be adjusted to get the desired 
results. The process is not tuned to match the controller, but rather the 
controller is adjusted to accommodate the process. 
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Fig. 20-8. Simulator setup for single-element temperature control. 


The variety of processes that can be simulated is virtually endless. 
The limitations are time-related. For example, a simulation of a distilla- 
tion column with time constants of an hour could not be done in real- 
time with this simulator. Generally, this creates no problem, since 
shorter time periods are much more practicai for leaming. 

Pneumatic Process Simulator 

The pneumatic-simulated process shown in schematic form in Figure 
20-10 and pictured in Figure 20-11 consists of three capacitances 
(tanks) and three resistances (variable restrictions) alternately in series, 
and a method of simulating a change in process load. Components 
above the dotted line in the schematic pro vide simulated load changes. 
In order to simulate load changes, a simple proporţional controller is 
used. 
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HEAT EXCHANGER WITH FAST-ACTING 
EQUAL PERCENTAGE VALVE 


LOAD NORMAL 

SET POINT 85 PERCENT 


LOAD NORMAL 

SET POINT 55 PERCENT 


LOAD NORMAL 

SET POINT 15 PERCENT 



Fig. 20-9. Heat Exchanger— normal load, equal percentage valve. 

The Foxboro Model 56-3 relay is basically a proporţional control- 
ler, that is, the output (bellows P, called the feedback bellows) has a 
signal proporţional to the difference in signals in bellows A and C. 
Bellows C is normally called the “measurement bellows,” and A is 
called the “set bellows.” In this case bellows C is used as the mea- 
surement input, but bellows A is used as a “simulated process.” 

This analog demonstrator uses three standard Foxboro instruments 
(a Model 122F [two-pen] recorder, a Model 130-M-N5 [PR&D control- 
ler], a three-unit pneumatic control shelf #100-3N-R1-C1, and a Model 
56-3-9 computing relay). 

The set-point transmitter, controller, and transfer switch are all in 
the same unit. The controlled variable (pressure) is recorded by the one 
pen (red in the Foxboro Model 122F). Another pen (green) may record 
any of several possible inputs, such as controller set point, controller 
output, or air pressure applied to the C bellows of the relay. The ability 
to record these factors provides flexibility for demonstration. 

The set-point transmitter delivers a signal to the controller corre- 
sponding to the desired operating level. The transfer switch permits 
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Fig. 20-10. Simulation of a three-element system with pneumatic components. 

switching control from manual to automatic, or from automatic to 
manual. 

The three-mode pneumatic controller has proporţional, integral, 
and derivative functions. The recorder should have a %-inch per min- 
ute chart drive. 
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Fig. 20-11. Pneumatic Consotrol-100 Line, three-unit shelf, and two-pen recorder. 


Operation of the Pneumatic Simulator 

Operation of the control loop can be traced on the schematic of Figure 
20-10. First assume that a stable condition has been reached with the 
recorder pen on scale. A step change then is created by moving the set 
point. This results in a change in set-bellows pressure, and in the mo- 
ment of force exerted by this bellows on the controller’ s floating disk. 

The controller immediately sets out to rebalance itself. The result 
is a change of controller output pressure, which is applied through the 
resistance-capacitance network to the A bellows of the relay. The three 
resistance-capacitance networks and their time constants establish the 
process time characteristics, or phase shift. It is by altering these val- 
ues that the time constants of the process may be varied. The pressure 
change in the A bellows unbalances the moments of force in the corn- 
puting relay. This unbalance is sensed by the flapper-nozzle detector, 
and the relay rebalances itself by changing the pressure in bellows P. 
This pressure in bellows P becomes the controlled variable, and is fed 
back to the measurement bellows of the controller and the recorder. 
Within the controller, the moment of force created by the pressure in 
this bellows is concemed with that created by the set-bellows pressure. 
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When these moments are again in equilibrium, the controller has rebal- 
anced and the system has returned to a steady state. 

The C bellows is the “measurement” bellows of a convenţional 
transmitter. Load changes are simulated by feeding changes through a 
three-element RC circuit into the “measurement” bellows C of the 
Model 56-3 relay. 

Load changes may be simulated by changing the pressure in the C 
bellows. The knob on the pressure regulator varies the process load. 
The resistance-capacitance network in series with the regulator adds 
delay time to the load-change signal and makes the operation more 
realistic. 

Many processes have the characteristic of pure dead time. Pure 
dead time is the lapse between the instant a change occurs in the 
process and the time it is sensed by the control system. For example, 
assume that the outlet temperature of a heat exchanger is to be mea- 
sured and controlled. If the temperature sensor is placed in the outlet 
line 200 feet from the exchanger, and if the flow velocity through the 
line is 5 feet per second, then 40 seconds (200 feet per 5 feet per second) 
must elapse before any temperature change can be sensed by the sen- 
sor. This 40-second time delay would be pure dead time. Pure dead 
time is very difficult to simulate in any process analog. In the pneumatic 
process simulator, the pure delay is approached by substituting a lag 
for dead time. This is accomplished by introducing a resistance in 
series with the P signal. Several feet of 0.007-inch bore capillary in this 
line will provide the lag. A bypass valve will eliminate it as desired. For 
demonstration purposes, the simulated process should be operated 
without dead time, and then dead time can be introduced as an addi- 
tional complication or a greater challenge. 

A list of adjustments that will provide a starting point might be as 
follows: VR X = 60 percent; VR 2 = 60 percent; VR 3 = Min; C = 25; 
PB = 100 percent; integral = 0.5; derivative = 0.5; no dead time 
resistance (bypass open). 

Time Base 

One advantage of the process simulator is its ability to operate on a 
faster time base. For example, assume that an actual open-loop process 
is subjected to a step upset and output is recorded on a chart having a 
%-inch per hour chart drive. 

If the simulator recorder chart moves at % inch per minute and we 
manipulate the RC values, we discover that the resulting curve has the 
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Fig. 20-12. {Top) The response curve, the “signature” of the system, can have its time 
axis changed by simulation. Only the time base is different. One curve is the real 
system; the other is simulated. 

same shape, though our time base is only Veo of that of the real process 
(Figure 20-12). 

If the control loop is now closed and the controller is manipulated, 
the general problems encountered with the simulated process are essen- 
tially the same as for the real process, but the speed of action has been 
increased by a factor of 60. 

If, after a few trial-and-error adjustments, the controller modes are 
set to produce the recovery curve desired, these same settings can be 
used in the controller attached to the actual process, but those factors 



Fig. 20-13. Liquid-level process. 
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Fig. 20-14. Level/flow process. 


having time elements (derivative and integral) must be changed by a 
factor of 60 . 

Time scaling has perhaps been oversimplified in this illustration. If 
the analog is used in the solution of a differential equation, the time 
factor must be introduced into the equation so that the resultant solu- 
tion will be in proper form. 

Proporţional bând has no time factor and would remain the same 
for either case. An open-loop step upset can be simulated by switching 
the controller to manual control. Using this technique, and the faster 
time base, the step upset or signature curve of the simulated process 
can be adjusted to correspond to the process under investigation. 
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Real Processes 

Simplicity and economics are major considerations in the construction 
of a process for instructional purposes. After investigating many pos- 
sibilities, the logical choice became a simple level process. The process 
and instrumentation are shown schematically in Figure 20-13 and pic- 
tured in Figure 20-14. 

The process consists of a tall cylindrical main tank which empties 
into a short tank large enough in diameter to contain the content s of the 
tanks above it. A small tank is placed in the flow line between the 
bottom tank and the main tank to provide a realistic lag. Liquid (col- 
ored water) is pumped by a submersible pump from the bottom tank 
through an orifice plate — mounted within a differential pressure 
transmitter — a control valve, the small-capacity tank, and then back 
into the main tank. Level in the main tank is measured by a Foxboro 
Model 17B buoyancy transmitter. The list of material required to 
construct the system follows. The materials employed cost approxi- 
mately $7,000 in 1980. 

1 Foxboro Model 130-M-N5 PR&D controller 

1 Foxboro Model 130F-N4 P&R controller 

1 Foxboro Model 123, three variables 

1 Foxboro Model 102-4N, four-unit mounting shelf 

1 Foxboro Model V4A 34-inch body, H needle, C v = 0.56 control 

valve 

1 Foxboro Model 17B4-K41 pneumatic buoyancy transmitter 

1 Foxboro Model 17B displacer A0100WM, 14-inch, rod = 8 in- 
ches 

1 Foxboro Model 13A d/p Cell transmitter 

1 Foxboro Model 13 A d/p Cell transmitter with integral orifice, 

0. 159-inch-diameter 

1 Little Giant submersible pump; Little Giant Corp., Oklahoma 
City, OK 

20 feet of Imperial plastic tubing, %-inch 
50 feet of Imperial plastic tubing, !4-inch 
Assorted Imperial fittings 
1 pressure regulator and manifold 
Wire and junction boxes 
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1 plywood 2x6 feet mounting panel and 2x6 feet instrument 
panel 

1 plastic tank, 4-inch inside diameter x 42 inches high 
1 plastic tank, 4-inch inside diameter x 13 inches high 
1 plastic pail 

Use all nonferrous materials to prevent rusty water. 

The combinations that may be arranged with this equipment are 
many and can demonstrate a variety of control actions. Figures 20-15 
through 20-20 show some of these arrangements. 

If you plan to do the feedforward loops Figure 20-19 and Figure 
20-20, two square root extractors, such as Foxboro Model 557 and an 
analog computer, Foxboro Model 136-1, will be required. 

Now let us examine a more deluxe real-time process designed for 
training. Figure 20-21 presents a picture of a process designed for use in 
educaţional activity at Foxboro. It is shown in schematic form in Figure 
20-22. This process unit features a graphic panel to which all instrument 
inputs and outputs are terminated. It is possible, then, with pneumatic 
patch cords, to make an almost endless number of loop configurations. 
The dead time unit is a form of hydraulic screw. The colored water 



Fig. 20-15. Flow measurement — head-meter using d/p Cell transmitter. (A) Mark one 
gallon on large tank. (B) Calibrate d/p Cell 0 to Vi gpm. (C) With stopwatch, run for 2 
minutes and compare reading with actual flow after adjusting control valve to allow 
full-scale V 2 -gpm flow. (D) Calculate error, if any. (E) Repeat at several flow rates. 
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Fig. 20-16. Flow control using head measurement. 

enters one end and is delayed for a number of seconds — depending on 
speed of rotation — before it exits at the other end. This unit makes it 
possible to simulate dead time and capacity as it occurs in many actual 
process situations. This device represents perhaps the ultimate in edu- 
caţional process units. It does represent a substanţial investment. 

From a practicai point of view, building a unit similar to that shown 
in Figure 20-14 and making use of available instruments around the 
plant will provide an adequate teaching tool. A school engaged in teach- 



Fig. 20-17. Level control. 
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Fig. 20-20. Feedforward with trim. 


ing process instrumentation and control will find a working loop a most 
valuable tool. The following problems are intended to stimulate possi- 
ble uses of a process unit. 

Problem i Figure 20-15. Flow measurement — head-meter using d/p Cell 
transmitter. (A) Mark 1 gallon on large tank. (B) Calibrate d/p Cell 0 to 
Vi gpm. (C) With stopwatch, run for 2 minutes and compare reading 
with actual flow after adjusting control valve to allow full-scale (Vi gpm) 
flow. (D) Calculate error, if any. (E) Repeat at several flow rates. 

Problem 2 Having calibrated the flowmeter, put the controller whose 
output positions the control valve on manual. With the system operat- 
ing manually, position the valve at 10 percent increments from 0 to 100 
percent and record the flow rate at each step. Now plot the characteris- 
tic curve for the valve and compare the results with those shown in 
Chapter 11. 

Problem 3 Bypass the small tank as suggested in Question 20-7 and verify 
your answer. 
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Fig. 20-21. Educaţional process simulator unit. 


Problem 4 Connect the system as shown in Figure 20-17 and carefully 
adjust the controller. Now use the cascade arrangement shown in Fig- 
ure 20-18 and repeat the proper adjustment procedure. Explain any 
differences in results. 

Problem 5 Create a feedforward system as shown in Figure 20-19. Once 
it is operating properly , adjust the zero on the flow transmitter to intro- 
duce an error. Observe the result. Repeat the same procedure using the 



CONSTRUCTING AND INSTRUMENTING REAL AND SIMULATED PROCESSES 433 



Fig. 20-22. Schematic — educaţional process unit. 


system shown in Figure 20-20. Note the results and carefully explain 
any difference. 

Questions 

20-1. A big advantage in simulating a process is 

a. Pure dead time can be clearly demonstrated 

b. The noi se factor is eliminated 
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c. That it is relatively inexpensive and may be performed on a faster time 
base 

d. That one may witness every detail of cause and effect 

20-2. The major difference between the pneumatic process simulator and the 
one that is electrically energized is that 

a. The pneumatic type outperforms the electrical type 

b. The electrical type outperforms the pneumatic type 

c. The pneumatic type operates much faster than the electrical 

d. The electrical type is physically smaller and easier to construct 

20-3. The academic basis of all simulation techniques is 

a. All physical systems behave in essentially the same way with respect 
to time 

b. Electrical systems react faster than pneumatic systems 

c. Pneumatic systems are 3 to 15 times faster than real-time systems 

d. Electrical simulators react in a square root relationship to an 
equivalent pneumatic system 

20-4. Proporţional bând has the following scaling factor for almost any 
process 

a. 1 c. 10 

b. 0 d. 100 

20-5. The integral orifice d/p Cell flowmeter has the greatest readability 

a. At midscale 

b. Within 0 to 25 percent of scale 

c. Within 25 to 60 percent of scale 

d. On the upper 40 percent of scale 

20-6. Assuming a properly adjusted controller is controlling a flow process, 
changes in load-flow rate may cause instability because 

a. The loop gain varies with flow rate 

b. The loop gain varies with valve position 

c. The location of the flow sensor is incorrect 

d. Not true. The loop remains stable. 

20-7. If the small tank between the control valve and the main tank is 
bypassed, it becomes impossible to create oscillations or cycling. Why? 

a. It is similar to a flow process 

b. It does not have enough capacity and resistance elements to create 
sufficient phase shift 

c. The gain of the large tank is so small in value that the controller gain is 
inadequate for oscillation 

d. The statement is not true; the system will oscillate vigorously 

20-8. The cascade control system exhibits several advantages, one of which 


îs 
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a. More efficiency 

b. Greater stability 

c. No possibility of cycling or oscillation 

d. Greater ease in adjustment 

20-9. The disadvantage of feedforward without feedback trim control is 

a. Nonexistent 

b. Poor stability 

c. The errors accumulate and eventually the tank either goes dry or 
overflows 

d. Difficulty in making adjustments 

20-10. The process employing feedforward control with feedback trim provides 
excellent results but 

a. Is very difficult to adjust 

b. Cannot correct for bad upsets 

c. Is very sluggish in its operation 

d. Must in practice be a process that can justify the expense required to 
pro vide this sophisticated control system 
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Table A-l. Unit Conversions 

ATMOSPHERES — atm (Standard at sea-level pressure) 
x 101.325 = Kilopascals (kPa) absolute 

x 14.696 = Pounds-force per square inch absolute (psia) 

x 76.00 = Centimetres of mercury (cmHg) at 0°C 

x 29.92 = Inches of mercury (inHg) at 0°C 

x 33.96 - Feet of water (ftH 2 0) at 68° F 

x 1.01325 = Bars (bar) absolute 

x 1.0332 ' = Kilogram s-force per square centimetre (kg/cm 2 ) absolute 

x 1.0581 = Tons-force per square foot (tonflft 2 ) absolute 

x 760 = Torr (torr) (= mmHg at 0°C) 

BARRELS, LIQUID, U.S.— bbl 
x 0.11924 = Cubic metres (m 3 ) 

x 31.5 = U.S. gallons (U.S. gal) liquid 

BARRELS, PETROLEUM— bbl 
x 0.15899 = Cubic metres (m 3 ) 

x 42 = U.S. gallons (U.S. gal) oii 

BARS — bar 

x 100 — Kilopascals (kPa) 

x 14.504 = Pounds-force per square inch (psi) 

x 33.52 = Feet of water (ftH z O) at 68°F 

x 29.53 = Inches of mercury (inHg) at 0°C 
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Table A-l. Unit Conversions (continued) 

x 1.0197 = Kilogram s-force per square centimetre (kg/cm 2 ) 

x 0.98692 = Atmospheres (atm) sea-level standard 

x 1.0443 - Tons-force per square foot (tonffft 2 ) 

x 750.06 = Torr (torr) (= mmHg at 0°C) 

BRITISH THERMAL UNITS— Btu (See note) 
x 1055 = Joules (J) 

x 778 = Foot-pounds-force (ft • lbf) 

x 0.252 = Kilocalories (kcal) 

x 107.6 = Kilogram-force-metres (kgf • m) 

x 2.93 x IO -4 = Kilowatt-hours (kW • h) 

x 3.93 x 10 -4 = Horsepower-hours (hp • h) 

BRITISH THERMAL UNITS PER MINUTE— Btu/min (See note) 
x 17.58 = Watts (W) 

x 12.97 = Foot-pounds-force per second (ft • lbf/s) 

x 0.02358 = Horsepower (hp) 

CENTARES 

x 1 = Square metres (m 2 ) 

CENTIMETRES— cm 

x 0.3937 = Inches (in) 

CENTIMETRES OF MERCURY— cmHg, at 0°C 
x 1.3332 = Kilopascals (kPa) 

x 0.013332 = Bars (bar) 

x 0.4468 = Feet of water (ftH 2 0) at 68°F 

x 5.362 = Inches of water (inH 2 0) at 68°F 

x 0.013595 = Kilogram s-force per square centimetre (kg/cm 2 ) 

x 27.85 = Pounds-force per square foot (lbflft 2 ) 

x 0. 19337 = Pounds-force per square inch (psi) 

x 0.013158 = Atmospheres (atm) standard 

x 10 = Torr (torr) (= mmHg at 0°C) 

CENTIMETRES PER SECOND— cm/s 

x 1.9685 = Feet per minute (ft/min) 

x 0.03281 = Feet per second (ft/s) 

x 0.03600 = Kilometres per hour (km/h) 

x 0.6000 = Metres per minute (m/min) 

x 0.02237 = Miles per hour (mph) 

CUBIC CENTIMETRES— cm 3 

x 3.5315 x IO” 5 = Cubic feet (ft 3 ) 

x 6.1024 x IO -2 = Cubic inches (in 3 ) 

x 1.308 x 10-® = Cubic yards (yd 3 ) 

x 2.642 x 10* 4 = U.S. gallons (U.S. gal) 

x 2.200 x IO -4 = Imperial gallons (imp gal) 

x 1.000 x IO -3 = Litres (1) 

CUBIC FEET— ft 3 

x 0.02832 = Cubic metres (m 3 ) 

x 2.832 x IO 4 = Cubic centimetres (cm 3 ) 



438 APPENDIX 


Table A-l. Unit Conversions ( continued ) 

x 1728 = Cubic inches (in 3 ) 

x 0.03704 = Cubic yards (yd 3 ) 

x 7.481 = U.S. gallons (U.S. gal) 

x 6.229 = Imperial gallons (imp gal) 

x 28.32 = Litres (1) 

CUBIC FEET PER MINUTE— cfm 

x 472.0 - Cubic centimetres per second (cm 3 /s) 

x 1.699 = Cubic metres per hour (m 3 /h) 

x 0.4720 = Litres per second (l/s) 

x 0.1247 = U.S. gallons per second (U.S. gps) 

x 62.30 — Pounds of water per minute (lbH 2 0/min) at 68°F 

CUBIC FEET PER SECOND-^fs 
x 0.02832 = Cubic metres per second (m 3 /s) 

x 1.699 = Cubic metres per minute (m 3 /min) 

x 448.8 = U.S. gallons per minute (U.S. gpm) 

x 0.6463 = Million U.S. gallons per day (U.S. gpd) 

CUBIC INCHES— in 3 
x 1.6387 x 10“ 5 = Cubic metres (m 3 ) 

x 16.387 = Cubic centimetres (cm 3 ) 

x 0.016387 = Litres (1) 

x 5.787 x 10~ 4 - Cubic feet (ft 3 ) 

x 2.143 x IO -5 = Cubic yards (yd 3 ) 

x 4.329 x 10“ 3 - U.S. gallons (U.S. gal) 

x 3.605 x 10~ 3 = Imperial gallons (imp gal) 

CUBIC METRES— m 3 
x 1000 = Litres (1) 

x 35.315 = Cubic feet (ft 3 ) 

x 61.024 x IO 3 = Cubic inches (in 3 ) 

x 1.3080 = Cubic yards (yd 3 ) 

x 264.2 = U.S. gallons (U.S. gal) 

x 220.0 = Imperial gallons (imp gal) 

CUBIC METRES PER HOUR— m 3 /h 
x 0.2778 = Litres per second (l/s) 

x 2.778 x IO -4 = Cubic metres per second (m 3 /s) 

x 4.403 = U.S. gallons per minute (U.S. gpm) 

CUBIC METRES PER SECOND— m 3 /s 

x 3600 - Cubic metres per hour (m 3 /h) 

x 15.85 x 10 3 = U.S. gallons per minute (U.S. gpm) 

CUBIC YARDS— yd 3 
x 0.7646 = Cubic metres (m 3 ) 

x 764.6 = Litres (1) 

x 7.646 x IO 5 = Cubic centimetres (cm 3 ) 
x 27 * Cubic feet (ft 3 ) 

x 46,656 = Cubic inches (in 3 ) 

x 201.97 = U.S. gallons (U.S. gal) 

x 168.17 = Imperial gallons (imp gal) 
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Table A-l. Unit Conversions ( continued ) 


DEGREES, ANGULAR (°) 

x 0.017453 = Radians (rad) 

x 60 - Minute s (') 

x 3600 = Seconds (") 

x 1 . 1 1 1 = Grade (gon) 

DEGREES PER SECOND, ANGULAR (°/s) 
x 0.017453 = Radians per second (rad/s) 

x 0.16667 = Revolutions per minute (r/min) 

x 2.7778 x IO -3 = Revolutions per second (r/s) 

DRAMS (dr) 

x 1.7718 = Grams (g) 

x 27.344 = Grains (gr) 

x 0.0625 = Ounces (oz) 

FATHOMS 

x 1.8288 = Metres (m) 

x 6 * Feet (ft) 


FEET— ft 

x 0.3048 = Metres (m) 

x 30.480 = Centimetres (cm) 

x 12 = Inches (in) 

x 0.3333 = Yards (yd) 


FEET OF WATER— ftH 2 0, at 68°F 

x 2.984 = Kilopascals (kPa) 

x 0.02984 - Bars (bar) 

x 0.8811 = Inches of mercury (inHg) at 0°C 

x 0.03042 = Kilograms-force per square centimetre (kg/cm 2 ) 

x 62.32 = Pounds-force per square foot (lbf/ft 2 ) 

x 0.4328 = Pounds-force per square inch (psi) 

x 0.02945 = Standard atmospheres 


FEET PER MINUTE— ft/rnin 

x 0.5080 = Centimetres per second (cm/s) 

x 0.01829 - Kilometres per hour (km/h) 

x 0.3048 = Metres per minute (m/min) 

x 0.016667 = Feet per second (ft/s) 

x 0.01136 = Miles per hour (mph) 


FEET PER SECOND PER SECOND— ft/s 2 

x 0.3048 = Metres per second per second (m/s 2 ) 

x 30.48 = Centimetres per second per second (cm/s 2 ) 


FOOT-POUNDS-FORCE — ft lbf 
x 1.356 = Joules (J) 

x 1.285 x IO -3 = British thermal units (Btu) (see note) 

x 3.239 x 10 -4 = Kilocalories (kcal) 

x 0.13825 = Kilogram- force-metres (kgf ■ m) 

x 5.050 x IO" 7 = Horsepower-hours (hp • h) 

x 3.766 x IO -7 - Kilowatt-hours (kW ■ h) 



440 APPENDIX 


Table A-l. Unit Conversions (continued) 


GALLONS, U.S.— U.S. gal 


x 3785.4 

= Cubic centimetres (cm 3 ) 

x 3.7854 

- Litres (1) 

x 3.7854 x IO" 3 

= Cubic metres (m 3 ) 

x 231 

= Cubic inches (in 3 ) 

x 0.13368 

= Cubic feet (ft 3 ) 

x 4.951 x IO" 3 

= Cubic yards (yd 3 ) 

x 8 

= Pints (pt) liquid 

x 4 

= Quarts (qt) liquid 

x 0.8327 

= Imperial gallons (imp gal) 

x 8.328 

= Pounds of water at 60°F in air 

x 8.337 

= Pounds of water at 60°F in vacuo 

GALLONS, IMPERIAL — irap gal 

x 4546 

= Cubic centimetres (cm 3 ) 

x 4.546 

= Litres (1) 

x 4.546 x 10‘ 3 

= Cubic metres (m 3 ) 

x 0. 16054 

= Cubic feet (ft 3 ) 

x 5.946 x IO" 3 

- Cubic yards (yd 3 ) 

x 1.20094 

- U.S. gallons (U.S. gal) 

x 10.000 

= Pounds of water at 62°F in air 

GALLONS, PER MINUTE, U.S.— U.S. gpm 

x 0.22715 

- Cubic metres per hour (m 3 /h) 

x 0.06309 

= Litres per second (l/s) 

x 8.021 

= Cubic feet per hour (cfh) 

x 2.228 x IO* 3 

= Cubic feet per second (cfs) 

GRAINS — gr av. or troy 

x 0.0648 

= Grams (g) 

GRAINS PER U.S. GALLON — gr/U.S. gal at 60°F 

x 17.12 

= Grams per cubic metre (g/m 3 ) 

x 17.15 

- Parts per million by weight in water 

x 142.9 

= Pounds per million gallons 

GRAINS PER IMPERIAL GALLON— gr/imp gal at 62°F 

x 14.25 

= Grams per cubic metre (g/m 3 ) 

x 14.29 

= Parts per million by weight in water 

GRAMS — g 

x 15.432 

= Grains (gr) 

x 0.035274 

= Ounces (oz) av. 

x 0.032151 

= Ounces (oz) troy 

X 2.2046 x IO- 3 

= Pounds (lb) 

GRAMS-FORCE— gf 

x 9.807 x 10~ 3 

= Newtons (N) 

GRAMS-FORCE PER CENTIMETRE — g!7cm 

x 98.07 

= Newtons per metre (N/m) 

x 5.600 x IO" 3 

= Pounds- force per inch (lbf/in) 
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Table A-l. Unit Conversions ( continued ) 

GRAMS PER CUBIC CENTIMETRE— g/cm 3 

x 62.43 

= Pounds per cubic foot (lb/ft 3 ) 

x 0.03613 

= Pounds per cubic inch (lb/in 3 ) 

GRAMS PER LITRE— g/l 

x 58.42 

= Grains per U.S. gallon (gr/U.S. gal) 

x 8.345 

= Pounds per 1000 U.S. gallons 

x 0.06243 

= Pounds per cubic foot (lb/ft 3 ) 

x 1002 

= Parts per million by mass (weight) in water at 60° F 

HECTARES— ha 


x 1.000 x 10 4 

= Square metres (m 2 ) 

x 1.0764 x IO 5 

= Square feet (ft 2 ) 

HORSEPOWER- 

-hp 

x 745.7 

= Watts (W) 

x 0.7457 

= Kilowatts (kW) 

x 33,000 

= Foot- pounds- force per minute (ft • lbf/min) 

x 550 

= Foot-pounds-force per second (ft • lbtfs) 

x 42.43 

= British thermal units per minute (Btu/min) (see note) 

x 10.69 

= Kilocalories per minute (kcal/min) 

x 1.0139 

= Horsepower (metric) 

HORSEPOWER— 

-hp boiler 

x 33,480 

= British thermal units per hour (Btu/h) (see note) 

x 9.809 

= Kilowatts (kW) 

HORSEPOWER-HOURS — hp ■ h 

x 0.7457 

= Kilowatt-hours (kW * h) 

x 1.976 x IO 6 

= Foot-pounds-force (ft • Ibf) 

x 2545 

- British thermal units (Btu) (see note) 

x 641.5 

= Kilocalories (kcal) 

x 2.732 x 10 5 

= Kilogram- force- metres (kgf • m) 

INCHES — in 


x 2.540 

= Centimetres (cm) 

INCHES OF MERCURY— inHg at 0°C 

x 3.3864 

= Kilopascals (kPa) 

x 0.03386 

= Bars (bar) 

x 1.135 

= Feet of water (ftH 2 0) at 68°F 

x 13.62 

= Inches of water (inH 2 0) at 68°F 

x 0.03453 

= Kilogram s-force per square centimetre (kg/cm 2 ) 

x 70.73 

= Pounds-force per square foot (lbf/ft 2 ) 

x 0.4912 

= Pounds-force per square inch (psi) 

x 0.03342 

= Standard atmospheres 

INCHES OF WATER— inH a O at 68°F 

x 0.2487 

= Kilopascals (kPa) 

x 2.487 x IO" 3 

= Bars (bar) 

x 0.07342 

- Inches of mercury (inHg) at 0°C 

x 2.535 x IO" 3 

= Kilogram s-force per square centimetre (kg/cm 2 ) 

x 0.5770 

= Ounces-force per square inch (ozf/in 2 ) 
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Table A-l. Unit Conversions ( continued ) 


x 5.193 

- Pounds-force per square foot (lbl/ft 2 ) 

x 0.03606 

= Pounds-force per square inch (psi) 

x 2.454 x 10~ 3 

- Standard atmospheres 

JOULES — J 


x 0.9484 x IO" 3 

- British thermal units (Btu) (see note) 

x 0.2390 

= Calories (cal) thermochemical 

x 0.7376 

- Foot-pounds-force (ft • lbf) 

x 2.778 x 10~ 4 

= Watt-hours (W ■ h) 

KILOGRAMS — kg 


x 2.2046 

= Pounds (lb) 

x 1.102 x 10~ 3 

= Tons (ton) short 

KILOGRAMS-FORCE— kgf 

x 9.807 

= Newtons (N) 

x 2.205 

= Pounds-force (lbf) 

KILOGRAMS-FORCE PER METRE — kgFm 

x 9.807 

= Newtons per metre (N/m) 

x 0.6721 

= Pounds-force per foot (lbf/ft) 

KILOGRAMS-FORCE PER SQUARE CENTIMETRE— kg/cm 2 

x 98.07 

= Kilopascals (kPa) 

x 0.9807 

= Bars (bar) 

x 32.87 

= Feet of water (ftH z O) at 68°F 

x 28.96 

- Inches of mercury (inHg) at 0°C 

x 2048 

= Pounds-force per square foot (lbf/ft 2 ) 

x 14.223 

= Pounds-force per square inch (psi) 

x 0.9678 

= Standard atmospheres 

KILOGRAMS-FORCE PER SQUARE MILLIMETRE — kgf/mm 2 

x 9.807 

= Megapascals (MPa) 

x 1.000 x 10 6 

= Kilograms-force per square metre (kgf/m 2 ) 

KILOMETRES PER HOUR— km/h 

x 27.78 

- Centimetres per second (cm/s) 

x 0.9113 

= Feet per second (ft/s) 

x 54.68 

= Feet per minute (ft/min) 

x 16.667 

= Metres per minute (m/min) 

x 0.53996 

- International knots (kn) 

x 0.6214 

= Miles per hour (mph) 

KILOMETRES PER HOUR PER SECOND— km h-< • S"* 

x 0.2778 

= Metres per second per second (m/s 2 ) 

x 27.78 

= Centimetres per second per second (cm/s 2 ) 

x 0.9113 

- Feet per second per second (ft/s 2 ) 

KILOMETRES PER SECOND— km/s 

x 37.28 

= Miles per minute (mi/min) 

KILOPASCALS— kPa 


x IO 3 

= Pascals (Pa) or newtons per square metre (N/m 2 ) 

x 0. 1450 

= Pounds-force per square inch (psi) 

x 0.010197 

= Kilograms-force per square centimetre (kg/cm 2 ) 
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Table A-l, Unit Conversions ( continued ) 

x 0.2953 = Inches of mercury (inHg) at 32°F 

x 0.3351 = Feet of water (ftH 2 0) at 68°F 

x 4.021 = Inches of water (inH 2 0) at 68°F 

KILOWATTS — kW 

x 4.425 x IO 4 = Foot-pounds-force per minute (ft • lbf/min) 

x 737.6 = Foot-pounds-force per second (ft • lbf/s) 

x 56.90 = British thermal units per minute (Btu/min) (see note) 

x 14.33 = Kilocalories per minute (kcal/min) 

x 1.3410 = Horsepower (hp) 

KILOWATT-HOURS — kW h 
x 3.6 x IO 6 = Joules (J) 

x 2.655 x IO 8 = Foot-pounds-force (ft ■ lbf) 

x 3413 = British thermal units (Btu) (see note) 

x 860 = Kilocalories (kcal) 

x 3.671 x IO 5 = Kilogram-force metres (kgf • m) 

x 1.3410 = Horsepower-hours (hp ■ h) 

KNOTS — kn (International) 

x 0.5144 = Metres per second (m/s) 

x 1.151 = Miles per hour (mph) 

LITRES— 1 

x 1000 = Cubic centimetres (cm 3 ) 

x 0.035315 - Cubic feet (ft 3 ) 

x 61.024 - Cubic inches (in 3 ) 

x 1.308 x IO -3 = Cubic yards (yd 3 ) 

x 0.2642 = U.S. gallons (U.S. gal) 

x 0.2200 = Imperial gallons (imp gal) 

LITRES PER MINUTE— 1/min 

x 0.01667 - Litres per second (l/s) 

x 5.885 x 10" 4 = Cubic feet per second (cfs) 

x 4.403 x 10 -3 = U.S. gallons per second (U.S. gal/s) 

x 3.666 x IO -3 = Imperial gallons per second (imp gal/s) 

LITRES PER SECOND — l/s 

x 10~ 3 = Cubic metres per second (m 3 /s) 

x 3.600 = Cubic metres per hour (m 3 /h) 

x 60 = Litres per minute (1/min) 

x 15.85 = U.S. gallons per minute (U.S. gpm) 

x 13.20 * Imperial gallons per minute (imp gpm) 

MEGAPASCALS— MPa 

x 10 6 = Pascals (Pa) or newtons per square metre (N/m 2 ) 

x IO 3 = Kilopascals (kPa) 

x 145.0 * Pounds-force per Square inch (psi) 

x 0.1020 = Kilograms-force per square millimetre (kgf/mm 2 ) 

METRES— m 

x 3.281 - Feet (ft) 

x 39.37 = Inches (in) 

x 1.0936 = Yards (yd) 
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Table A-l. Unit Conversions ( continued ) 


METRES PER MINUTE— m/min 

x 1.6667 = Centimetres per second (cm/s) 

x 0.0600 = Kilometres per hour (km/h) 

x 3.281 = Feet per minute (ft/min) 

x 0.05468 = Feet per second (ft/s) 

x 0.03728 = Miles per hour (mph) 

METRES PER SECOND— m/s 
x 3.600 = Kilometres per hour (km/h) 

x 0.0600 = Kilometres per minute (km/min) 

x 196.8 = Feet per minute (ft/min) 

x 3.281 = Feet per second (ft/s) 

x 2.237 = Miles per hour (mph) 

x 0.03728 = Miles per minute (mi/min) 

MICROMETRES — /um formerly micron 
x 10 -6 = Metres (m) 


MILES— mi 

x 1.6093 x IO -3 = Metres (m) 

x 1.6093 = Kilometres (km) 

x 5280 = Feet (ft) 

x 1760 = Yards (yd) 

MILES PER HOUR— mph 

x 44.70 = Centimetres per second (cm/s) 

x 1.6093 = Kilometres per hour (km/h) 

x 26.82 = Metres per minute (m/min) 

x 88 = Feet per minute (ft/min) 

x 1.4667 - Feet per second (ft/s) 

x 0.8690 = International knots (kn) 

MILES PER MINUTE— mi/min 

x 1.6093 - Kilometres per minute (km/min) 

x 2682 = Centimetres per second (cm/s) 

x 88 = Feet per second (ft/s) 

x 60 — Miles per hour (mph) 

MINUTES, ANGULAR— (0 
x 2.909 x IO -4 = Radians (rad) 


NEWTONS— N 
x 0.10197 
x 0.2248 
x 7.233 
x IO 5 


= Kilograms-force (kgf) 
= Pounds-force (lbf) 

= Poundals 
= Dynes 


OUNCES — oz av. 
x 28.35 
x 2.835 x IO -5 
x 16 
x 437.5 
x 0.06250 


= Grams (g) 

= Tonnes (t) metric ton 
= Drams (dr) av. 

= Grains (gr) 

= Pounds (lb) av. 
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Table A-l. Unit Conversions (continued) 

x 0.9115 = Ounces (oz) troy 

x 2.790 x IO -5 = Tons (ton) long 

OUNCES — oz troy 

x 31.103 = Grams (g) 

x 480 = Grains (gr) 

x 20 - Pennyweights (dwt) troy 

x 0.08333 = Pounds (lb) troy 

x 0.06857 = Pounds (lb) av. 

x 1.0971 = Ounces (oz) av. 

OUNCES — oz U.S. fluid 

x 0.02957 - Litres (1) 

x 1.8046 = Cubic inches (in) 

OUNCES-FORCE PER SQUARE INCH— ozf/in 2 
x 43. 1 = Pascals (Pa) 

x 0.06250 = Pounds-force per square inch (psi) 

x 4.395 = Grams-force per square centimetre (gf/cm 2 ) 

PARTS PER MILLION BY MASS — mass (weight) in water 
x 0.9991 = Grams per cubic metre (g/m 3 ) at 15°C 

x 0.0583 = Grains per U.S. gallon (gr/U.S. gal) at 60°F 

x 0.0700 = Grains per imperial gallon (gr/imp gal) at 62°F 

x 8.328 = Pounds per million U.S. gallons at 60°F 

PASCALS— PA 

x 1 = Newtons per square metre (N/m 2 ) 

x 1.450 x IO" 4 = Pounds-force per square inch (psi) 

x 1.0197 x 10" 5 = Kilograms-force per square centimetre (kg/cm 2 ) 

x IO" 3 = Kilopascals (kPa) 

PENNYWEIGHTS — dwt troy 
x 1.5552 = Grams (g) 

x 24 = Grains (gr) 

POISES — P 

x 0. 1000 - Newton- seconds per square metre (N ■ s/m 2 ) 

x 100 = Centipoises (cP) 

x 2.0886 x IO" 3 - Pound-force- seconds per square foot (lbf • s/ft 2 ) 
x 0.06721 - Pounds per foot second (Ib/ft ■ s) 

POUNDS-FORCE— lbf av. 

x 4.448 = Newtons (N) 

x 0.4536 = Kilograms-force (kgf) 

POUNDS— lb av. 

x 453.6 = Grams (g) 

x 16 = Ounces (oz) av. 

x 256 = Drams (dr) av. 

x 7000 = Grains (gr) 

x 5 x IO" 4 = Tons (ton) short 

x 1.2153 = Pounds (lb) troy 
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Table A-l. Unit Conversions ( continued ) 

POUNDS — lb troy 
x 373.2 = Grams (g) 

x 12 = Ounces (oz) troy 

x 240 = Pennyweights (dwt) troy 

x 5760 = Grains (gr) 

x 0.8229 = Pounds (lb) av. 

x 13.166 = Ounces (oz) av. 

x 3.6735 x IO -4 = Tons (ton) long 

x 4.1143 x IO -4 = Tons (ton) short 

x 3.7324 x 10 -4 = Tonnes (t) metric tons 

POUNDS- MASS OF WATER AT 60°F 
x 453.98 = Cubic centimetres (cm 3 ) 

x 0.45398 = Litres (1) 

x 0.01603 = Cubic feet (ft 3 ) 

x 27.70 = Cubic inches (in 3 ) 

x 0.1199 = U.S. gallons (U.S. gal) 

POUNDS OF WATER PER MINUTE AT 6(TF 
x 7.576 = Cubic centimetres per second (cm 3 /s) 

x 2.675 x 10" 4 = Cubic feet per second (cfs) 

POUNDS PER CUBIC FOOT— lb/ft 3 

x 16.018 = Kilograms per cubic metre (kg/m 3 ) 

x 0.016018 = Grams per cubic centimetre (g/cm 3 ) 

x 5.787 x 10“ 4 = Pounds per cubic inch (lb/in 3 ) 

POUNDS PER CUBIC INCH— lb/in 3 

x 2.768 x IO 4 = Kilograms per cubic metre (kg/m 3 ) 
x 27.68 = Grams per cubic centimetre (g/cm 3 ) 

x 1728 = Pounds per cubic foot (lb/ft 3 ) 

POUNDS- FORCE PER FOOT— lbffft 
x 14.59 = Newtons per metre (N/m) 

x 1.488 = Kilogram s-force per metre (kgf7m) 

x 14.88 = Gram s-force per centimetre (gf/cm) 

POUNDS- FORCE PER SQUARE FOOT— lbf/ft 2 
x 47.88 = Pascals (Pa) 

x 0.01605 = Feet of water (ftH 2 0) at 68°F 

x 4.882 x 10" 4 = Kilogram s-force per square centimetre (kg/cm 2 ) 

x 6.944 x IO" 3 = Pounds- force per square inch (psi) 

POUNDS-FORCE PER SQUARE INCH— psi 
x 6.895 = Kilopascals (kPa) 

x 0.06805 = Standard atmospheres 

x 2.311 = Feet of water (ftH z O) at 68°F 

x 27.73 = Inches of water (inH 2 0) at 68°F 

x 2.036 = Inches of mercury (inHg) at 0°C 

x 0.07031 = Kilogram s-force per square centimetre (kg/cm 2 ) 

QUARTS — qt dry 
x 1101 
x 67.20 


= Cubic centimetres (cm 3 ) 
= Cubic inches (in 3 ) 
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Table A-l. Unit Conversions ( continued ) 

QUARTS — qt liquid 

x 946.4 = Cubic centimetres (cm 3 ) 

x 57.75 = Cubic inches (in 3 ) 

QUINTALS — obsolete metric mass term 
x 100 = Kilograms (kg) 

x 220.46 = Pounds (lb) U.S. av. 

x 101.28 = Pounds (lb) Argentina 

x 129.54 - Pounds (lb) Brazii 

x 101.41 = Pounds (lb) Chile 

x 101.47 = Pounds (lb) Mexico 

x 101.43 = Pounds (lb) Peru 

RADIANS— rad 

x 57.30 = Degrees (°) angular 

RADIANS PER SECOND— rad/s 

x 57.30 - Degrees per second (°/s) angular 

STANDARD CUBIC FEET PER MINUTE — scfm (at 14.696 psia and 60°F) 

x 0.4474 = Litres per second (l/s) at standard conditions (760 mmHg and 

0°C) 

x 1.608 = Cubic metres per hour (m 3 /h) at standard conditions (760 

mmHg and (f C) 

STORES — St 

x IO -4 = Square metres per second (m 2 /s) 

x 1.076 x IO -3 = Square feet per second (ft 2 /s) 

TONS-MASS— tonm long 

x 1016 = Kilograms (kg) 

x 2240 = Pounds (lb) av. 

x 1.1200 = Tons (ton) short 

TONNES — t metric ton, millier 

x 1000 = Kilograms (kg) 

x 2204.6 = Pounds (lb) 

TONNES-FORCE — tf metric ton-force 
x 980.7 = Newtons (N) 

TONS — ton short 

x 907.2 - Kilograms (kg) 

x 0.9072 = Tonnes (t) 

x 2000 = Pounds (lb) av. 

x 32000 = Ounces (oz) av. 

x 2430.6 = Pounds (lb) troy 

x 0.8929 = Tons (ton) long 

TONS OF WATER PER 24 HOURS AT 60°F 

x 0.03789 = Cubic metres per hour (m 3 /h) 

x 83.33 - Pounds of water per hour (lb/h H z O) at 60°F 

x 0.1668 = U.S. gallons per minute (U.S. gpm) 

x 1.338 = Cubic feet per hour (cfh) 
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Table A-l. Unit Conversions ( continued ) 


WATTS — W 
x 0.05690 
x 44.25 
x 0.7376 
x 1.341 x IO’ 3 
x 0.01433 

WATT-HOURS — W • h 
x 3600 
x 3.413 
x 2655 

x 1.341 x IO” 3 
x 0.860 
x 367.1 


British thermal units per minute (Btu/min) (see note) 
Foot-pounds-force per minute (ft * lbf/min) 
Foot-pounds-force per second (ft • lbf7s) 

Horsepower (hp) 

Kilocalories per minute (kcal/min) 

Joules (J) 

British thermal units (Btu) (see note) 
Foot-pounds-force (ft • lbf) 

Horsepower-hours (hp ■ h) 

Kilocalories (kcal) 

Kilogram-force-metres (kgf • m) 


NOTE: SIGNIFICANT FIGURES The precision to which a given conversion factor is known, and 
its application, determine the number of significant figures which should be used. While many hand- 
books and standards give factors contained in this table to six or more significant figures. the fact that 
different sources disagree, in many cases, in the fifth or further figure indicates that four or five 
significant figures represent the precision for these factors fairly. At present the accuracy of process 
instrumentation, analog or digital, is in the tenth percent region at best, thus needing only three sig- 
nificant figures. Hence this table is confined to four or five significant figures. The advent of the 
pocket calculator (and the use of digital computers in process instrumentation) tends to lead to use of 
as many figures as the calculator will handle. However, when this exceeds the precision of the data, 
or the accuracy of the application, such a practice is misleading and timewasting. 


NOTE: BRITISH THERMAL UNIT When making calculations involving Btu it must be remembered 
that there are several definitions of the Btu. The first three significant figures of the conversion 
factors given in this table are common to most definitions of the Btu. However, if four or more sig- 
nificant figures are needed in the calculation, the appropriate handbooks and standards should be 
consulted to be sure the proper definition and factor are being used. 
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Table A-2. Temperature Conversions 




F 

C 

* . 

F 

C 


F 



F 

C 


F 

-273.15 

- 459.67 


-17.2 

1 

33.8 

10.6 

51 

123.8 

43 

110 

230 

266 

510 

950 

-268 

-450 


-16.7 

2 

35.6 

11.1 

52 

125.6 

49 

120 

248 

271 

520 

968 

-262 

-440 


-16.1 

3 

37.4 

11.7 

53 

127.4 

54 

130 

266 

277 

530 

986 

-257 

-430 


-15.6 

4 

39.2 

12.2 

54 

129.2 

60 

140 

284 

282 

540 

1004 

-251 

-420 


-15.0 

5 

41.0 

12.8 

55 

131.0 

66 

150 

302 

288 

550 

1022 

-246 

-410 


-14.4 

6 

42.8 

13.3 

56 

132.8 

71 

160 

320 

293 

560 

1040 

-240 

-400 


-13.9 

7 

44.6 

13.9 

57 

134.6 

77 

170 

338 

299 

570 

1058 

-234 

-390 


-13.3 

8 

46.4 

14.4 

58 

136.4 

82 

180 

356 

304 

580 

1076 

-229 

-380 


-12.8 

9 

48.2 

15.0 

59 

138.2 

88 

190 

374 

310 

590 

1094 

-223 

-370 


-12.2 

10 

50.0 

15.6 

60 

140.0 

93 

200 

392 

316 

600 

1112 

-218 

-360 


-11.7 

11 

51.8 

16.1 

61 

141.8 

99 

210 

410 

321 

610 

1130 

-212 

-350 


-11.1 

12 

53.6 

16.7 

62 

143.6 




327 

620 

! 148 

-207 

-340 


-10.6 

13 

55.4 

17.2 

63 

145.4 




332 

630 

1166 

-201 

-330 


-10.0 

14 

57.2 

17.8 

64 

147.2 




338 

640 

1184 

-196 

-320 


-9.4 

15 

59.0 

18.3 

65 

149.0 




343 

650 

1202 

-190 

-310 


-8.9 

16 

60.8 

18.9 

66 

150.8 

100 

212 

413 

349 

660 

1220 

-184 

-300 


-8.3 

17 

62.6 

19.4 

67 

152.6 




354 

670 

I23S 

-179 

-290 


-7.8 

18 

64.4 

20.0 

68 

154.4 




360 

680 

1256 

-173 

-280 


-7.2 

19 

66.2 

20.6 

69 

156.2 




366 

690 

1274 

-169 

-273 

-459.4 

-6.7 

20 

68.0 

21.1 

70 

158.0 




371 

700 

1292 

-168 

-270 

-454 

-6.1 

21 

69.8 

21.7 

71 

159.8 




377 

710 

1310 

-162 

-260 

-436 

-5.6 

22 

71.6 

22.2 

72 

161.6 

104 

220 

428 

382 

720 

1328 

-157 

-250 

-418 

-5.0 

23 

73.4 

22.8 

73 

163.4 

110 

230 

446 

388 

730 

1346 

-151 

-240 

-400 

-4.4 

24 

75.2 

23.3 

74 

165.2 

116 

240 

464 

393 

740 

1364 

-146 

-230 

-382 

-3.9 

25 

77.0 

23.9 

75 

167.0 

121 

250 

482 

399 

7S0 

1382 

-140 

-220 

-364 

-3.3 

26 

78.8 

24.4 

76 

168.8 

127 

260 

500 

404 

760 

1400 

-134 

-210 

-346 

-2.8 

27 

80.6 

25.0 

77 

170.6 

132 

270 

518 

410 

770 

1418 

-129 

-200 

-328 

-2.2 

28 

82.4 

25.6 

78 

172.4 

138 

280 

536 

416 

780 

1436 

-123 

-190 

-310 

-1.7 

29 

84.2 

26.1 

79 

174.2 

143 

290 

554 

421 

790 

1454 

-118 

- 180 

-292 

-1.1 

30 

86.0 

26.7 

80 

176.0 

149 

300 

572 

42? 

800 

1472 

-112 

-170 

-274 

-0.6 

31 

87.8 

27.2 

81 

177.8 

154 

310 

590 

432 

810 

1490 

-107 

- 160 

-256 

0 

32 

89.6 

27.8 

82 

179.6 

160 

320 

608 

438 

820 

1508 

-101 

- 150 

-238 

0.6 

33 

91.4 

28.3 

83 

181.4 

166 

330 

626 

443 

830 

1526 

-95.6 

- 140 

-220 

1.1 

34 

93.2 

28.9 

84 

183.2 

171 

340 

644 

449 

840 

1544 

-90.0 

-130 

-202 

1.7 

35 

95.0 

29.4 

85 

185.0 

177 

350 

662 

454 

850 

1362 

-84.4 

-120 

-184 

2.2 

36 

96.8 

30.0 

86 

186.8 

182 

360 

680 

460 

860 

1580 

-78.9 

-110 

-166 

2.8 

37 

98.6 

30.6 

87 

188.6 

188 

370 

698 

466 

870 

1598 

-73.3 

-100 

-148 

3.3 

38 

100.4 

31.1 

88 

190.4 

193 

380 

716 

471 

880 

1616 

-67.8 

-90 

-130 

3.9 

39 

102.2 

31.7 

89 

192.2 

199 

390 

734 

477 

890 

1634 

-62,2 

-80 

-112 

4.4 

40 

104.0 

32.2 

90 

194.0 

204 

400 

752 

482 

900 

1652 

-56.7 

-70 

-94 

5.0 

41 

105.8 

32.8 

91 

195.8 

210 

410 

770 

488 

910 

1670 

-51.1 

-60 

-76 

5.6 

42 

107.6 

33.3 

92 

197.6 

216 

420 

788 

493 

920 

!638 

-45.6 

-50 

-58 

6.1 

43 

109.4 

33.9 

93 

199.4 

221 

430 

806 

499 

930 

1706 

-40.0 

-40 

-40 

6.7 

44 

111.2 

34.4 

94 

201.2 

227 

440 

824 

504 

940 

1724 

-34.4 

-30 

-22 

7.2 

45 

113.0 

35.0 

95 

203.0 

232 

450 

842 

510 

950 

1742 

-28.9 

-20 

-4 

7.8 

46 

114.8 

35.6 

96 

204.8 

238 

460 

860 

516 

960 

1760 

-23.3 

-10 

14 

8.3 

47 

116.6 

36.1 

97 

206.6 

243 

470 

878 

52! 

970 

1778 

-17.8 

0 

32 

8.9 

48 

118.4 

36.7 

98 

208.4 

249 

480 

896 

527 

980 

1796 



9.4 

49 

120.2 

37.2 

99 

210.2 

254 

490 

914 

532 

990 

1814 




10.0 

50 

122.0 

37.8 

100 

212.0 

260 

500 

932 

538 

1000 

1832 


Interpolation Values 


* In the center column, find the temperature to be converted. The equivalent 
temperature is in the left column, if converting to Celsius, and in the right 
column, if converting to Fahrenheit. 


C 

* 

F 

c 

* 

F 

0.56 

1 

1.8 

3.33 

6 

10.8 

1.11 

2 

3.6 

3.89 

7 

12.6 

1.67 

3 

5.4 

4.44 

8 

14.4 

2.22 

4 

7.2 

5.00 

9 

16.2 

2.78 

5 

9.0 

5.56 

10 

18.0 
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Table A-2. Temperatura Conversions (continued) 


c 

543 

1010 

1850 

549 

1020 

1868 

554 

1030 

1886 

560 

1040 

1904 

566 

1050 

1922 

571 

1060 

1940 

577 

1070 

1958 

582 

1080 

1976 

588 

1090 

1994 

593 

1100 

2012 

599 

1110 

2030 

604 

1120 

2048 

610 

1130 

2066 

616 

1140 

2084 

621 

1150 

2102 

627 

1160 

2120 

632 

1170 

2138 

638 

1180 

2156 

643 

1190 

2174 

649 

1200 

2192 

654 

1210 

2210 

660 

1220 

2228 

666 

1230 

2246 

671 

1240 

2264 

677 

1250 

2282 

682 

1260 

2300 

688 

1270 

2318 

693 

1280 

2336 

699 

1290 

2354 

704 

1300 

2372 

710 

1310 

2390 

716 

1320 

2408 

721 

1330 

2426 

727 

1340 

2444 

732 

1350 

2462 

738 

1360 

2480 

743 

1370 

2498 

749 

1380 

2516 

754 

1390 

2534 

760 

1400 

2552 

766 

1410 

2570 

771 

1420 

2588 

777 

1430 

2606 

782 

1440 

2624 

788 

1450 

2642 

793 

1460 

2660 

799 

1470 

2678 

804 

1480 

2696 

810 

1490 

2714 

816 

1500 

2732 


C F 


821 

1510 

2750 

827 

1520 

2768 

832 

1530 

2786 

838 

1540 

2804 

843 

1550 

2822 

849 

1560 

2840 

854 

1570 

2858 

860 

1580 

2876 

866 

1590 

2894 

871 

1600 

2912 

877 

1610 

2930 

882 

1620 

2948 

888 

1630 

2966 

893 

1640 

2984 

899 

1650 

3002 

904 

1660 

3020 

910 

1670 

3038 

916 

1680 

3056 

921 

1690 

3074 

927 

1700 

3092 

932 

1710 

3110 

938 

1720 

3128 

943 

1730 

3146 

949 

1740 

3164 

954 

1750 

3182 

960 

1760 

3200 

966 

1770 

3218 

971 

1780 

3236 

977 

1790 

3254 

982 

1800 

3272 

988 

1810 

3290 

993 

1820 

3308 

999 

1830 

3326 

1004 

1840 

3344 

1010 

1850 

3362 

1016 

1860 

3380 

1021 

1870 

3398 

1027 

1880 

3416 

1032 

1890 

3434 

1038 

1900 

3452 

1043 

1910 

3470 

1049 

1920 

3488 

1054 

1930 

3506 

1060 

1940 

3524 

1066 

1950 

3542 

1071 

1960 

3560 

1077 

1970 

3578 

1082 

1980 

3596 

1088 

1990 

3614 

1093 

2000 

3632 


C 


1099 

2010 

3650 

1 104 

2020 

3668 

1110 

2030 

3686 

1116 

2040 

3704 

1121 

2050 

3722 

1127 

2060 

3740 

1132 

2070 

3758 

1138 

2080 

3776 

1143 

2090 

3794 

1149 

2100 

3812 

1154 

2110 

3830 

1160 

2120 

3848 

1166 

2130 

3866 

1171 

2140 

3884 

1177 

2150 

3902 

1182 

2160 

3920 

1188 

2170 

3938 

1193 

2180 

3956 

1199 

2190 

3974 

1204 

2200 

3992 

1210 

2210 

4010 

1216 

2220 

4028 

1221 

2230 

4046 

1227 

2240 

4064 

1232 

2250 

4082 

1238 

2260 

4100 

1243 

2270 

4118 

1249 

2280 

4136 

1254 

2290 

4154 

1260 

2300 

4172 

1266 

2310 

4190 

1271 

2320 

4208 

1277 

2330 

4226 

1282 

2340 

4244 

1288 

2350 

4262 

1293 

2360 

4280 

1299 

2370 

4298 

1304 

2380 

4316 

1310 

2390 

4334 

1316 

2400 

4352 

1321 

2410 

4370 

1327 

2420 

4388 

1332 

2430 

4406 

1338 

2440 

4424 

1343 

2450 

4442 

1349 

2460 

4460 

1354 

2470 

4478 

1360 

2480 

4496 

1366 

2490 

4514 

1371 

2500 

4532 


C F 


1377 

2510 

4550 

1382 

2520 

4568 

1388 

2530 

4586 

1393 

2540 

4604 

1399 

2550 

4622 

1404 

2560 

4640 

1410 

2570 

4658 

1416 

2580 

4676 

1421 

2590 

4694 

1427 

2600 

4712 

1432 

2610 

4730 

1438 

2620 

4748 

1443 

2630 

4766 

1449 

2640 

4784 

1454 

2650 

4802 

1460 

2660 

4820 

1466 

2670 

4838 

1471 

2680 

4856 

1477 

2690 

4874 

1482 

2700 

4892 

1488 

2710 

4910 

1493 

2720 

4928 

1499 

2730 

4946 

1504 

2740 

4964 

1510 

2750 

4982 

1516 

2760 

5000 

1521 

2770 

5018 

1527 

2780 

5036 

1532 

2790 

5054 

1538 

2800 

5072 

1543 

2810 

5090 

1549 

2820 

5108 

1554 

2830 

5126 

1560 

2840 

5144 

1566 

2850 

5162 

1571 

2860 

5180 

1577 

2870 

5198 

1582 

2880 

5216 

1588 

2890 

5234 

1593 

2900 

5252 

1599 

2910 

5270 

1604 

2920 

5288 

1610 

2930 

5306 

1616 

2940 

5324 

1621 

2950 

5342 

1627 

2960 

5360 

1632 

2970 

5378 

1638 

2980 

5396 

1643 

2990 

5414 

1649 

3000 

5432 


TEMPERATURE CONVERSION FORMULAS 

DEGREES CELSIUS 

(FORMERLY DEGREES DEGREES 

CENTIGRADE ) C FAHRENHEIT — F REAUMUR— R 


C + 273. 15 - K Kelvin F + 459.67 - Rankine R x 5 U = C Celsius 

(C x */.<) + 32 = F Fahrenheit (F - 32) x 5 /<» - C Celsius (R x 9 U) + 32 » F Fahrenheit 

C x 4 /$ = R Reaumur (F - 32) x 4 /v = R Reaumur 
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Table A-3. Approximate Specific 
Gravities of Some Common Liquids 
under Normal Conditions of 
Pressure and Temperature 


Liquid 


Specific 

Gravity 


Acid 

Hydrochloric, 31.5% 
Muriatic, 40% 

Nitric, 91% 
Sulphuric, 87% 
Sulphuric, 100% 
Alcohol 
Ethyl, 100% 

Methyl, 100% 
Benzine 
Chloroform 
Corn Syrup 
Crude Oii 
Ether 

Ethylene Glycol 

Fish and Animal Oils 

Freon 

Fuel Oils 

Gasoline 

Glycerine, 100% 

Kerosene 

Lubricating Oils 

Milk 

Mercury 

Molasses 

Tar 

Vamish 
Vegetable Oils 
Water 

Water at 100°C 
Water, Ice 
Water, Sea 


1.05 

1.20 

1.50 

1.80 

1.83 

0.79 

0.80 

0.73-0.75 

1.50 

1.40- 1.47 
0.78-0.92 
0.74 
1.125 
0.88-0.96 
1.37-1.49 
0.82-0.95 
0.68-0.75 
1.26 

0.78-0.82 

0.88-0.94 

1.02- 1.05 
13.546 

1.40- 1.49 
1.07-1.30 
0.9 

0.90-0.98 

1.0 

0.96 

0.88-0.92 

1.02- 1.03 



452 APPENDIX 


Table A-4. Standard Dimensions for Welded or Seamless Steel Pipe 
Nominal INTERNAL DIAMETER 


Pipe 

Size 

Inches 

OD 

Inches 

mm 

Inches 
mm 
Sch 10 

Inches 
mm 
Sch 40 

Inches 
mm 
Sch 80 

Threads 

Per 

Inch 

Nominal 

Weight 

Ib/ft 

Vs 

.405 

10.29 

.307 

7.80 

.269 

6.83 

.215 

5.46 

27 

0.244 

V4 

.540 

13.72 

.410 

10.41 

.364 

9.25 

.302 

7.67 

18 

0.424 

% 

.675 

17.15 

.545 

13.84 

.493 

12.52 

.423 

10.74 

18 


Vi 

.840 

21.34 

.674 

17.12 

.622 

15.80 

.546 

13.87 

14 


% 

1.050 

26.67 

.884 

22.45 

.824 

20.93 

.742 

18.85 

14 



1.315 

33.40 

1.097 

27.86 

1.049 

26.64 

.957 

24.31 

llVi 

1.678 

m 

1.660 

42.16 

1.442 

36.63 

1.380 

35.05 

1.278 

32.46 

11 Vi 

2.272 

ivi 

1.900 

48.26 

1.682 

42.72 

1.610 

40.89 

1.500 

38.10 

llVi 

2.717 

2 

2.37.5 

60.33 

2.157 

54.79 

2.067 

52.50 

1.939 

49.25 

llVi 

3.652 

2Vi 

2.875 

73.03 

2.635 

66.93 

2.469 

62.71 

2.323 

59.00 

8 


3 

3.500 

88.90 

3.260 

82.80 

3.068 

77.93 

2.900 

73.66 

8 


4 

4.500 

114.3 

4.260 

108.2 

4.026 

102.3 

3.826 

97.18 

8 


6 

6.625 

168.3 

6.357 

161.5 

6.065 

154.1 

5.761 

146.3 

8 


8 

8.625 

219.1 

8.329 

211.6 

7.981 

202.7 

7.625 

193.7 

8 

28.554 

10 

10.750 

273.1 

10.420 

264.7 

10.020 

254.5 

9.564 

242.9 

8 

40.483 

12 

12.750 

323.9 

12.390 

314.7 

11.938 

303.2 

11.376 

289.0 

8 
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Table A-5. Properties of Saturated Steam and Saturated Water 


VVU 

Timp. 

f 

Udam». HM*m 


Eimpr- liu.'lbp r f 

iaarţv, Bwlbm j 

Mittf 


Sil Mit 

Wlti t 

EVtf. 

Slatff 

Writf 

Cvip. 

51* Ml 

W»1«r 

S.I4IH | 



M 

\ 

"» \ 

% 

*1 



v 1 ■, | 

3208.2 

705.47 

0.05078 

0.00000 

0.05078 

906.0 

0.0 

906.0 

1.0612 

0.0000 

1.0612 

875.9 

875.9 

3094.3 

700.0 

0.03662 

0.03857 

0.07519 

822.4 

172.7 

995.2 

0.9901 

0.1490 

1.1390 

801.5 


3000.0 

695.33 

0.03428 

0.05073 

0.08500 

801.8 

218.4 

1020.3 

0.9728 

0.1891 

1.1619 

782.8 


2708.6 

680.0 

0.03037 

0.08080 

0.111 17 

758.5 

310.1 

1 068.5 

0.9365 

0.2720 

1.2086 

743.2 


2500.0 

668.11 

0.02859 

0.10209 

0.13068 

731.7 

361.6 

1093.3 

0.9139 

0.3206 

1.2345 

718.5 


2365.7 

660.0 

0.02768 

0.1 1663 

0.14431 

714.9 

392.1 

1107.0 

0.8995 

0.3502 

1.2498 

702.8 

1043.9 

2059.9 

640.0 

0.02595 

0.15427 

0.18021 

679.1 

454.6 

1133.7 

0.8686 

0.4134 

1.2821 

669.2 


2000.0 

635.80 

0.02565 

0.16266 

0.18831 

672.1 

466.2 

11 38.3 

0.8625 

0.4256 

1.2881 

662.6 

1 068.6 

1786.9 

620.0 

0.02466 

0.19615 

0.22081 

646.9 

506.3 

1153.2 

0.8403 

0.4689 

1.3092 

638.8 


1543.2 

600.0 

0.02364 

0.24384 

0.26747 

617.1 

550.6 

1 1 67.7 

0.8134 

0.5196 

1.3330 

610.4 


1 1500.0 

596.20 

0.02346 

0.25372 

0.27719 

611.7 

558.4 

1170.1 

0.8085 

0.5288 

1.3373 

605.2 

1093.1 

1326.17 

580.0 

0.02279 

0.29937 

0.32216 

589.1 

589.9 

1179.0 

0.7876 

0.5673 

1.3550 

583.5 


1200.0 

567.19 

0.02232 

0.34013 

0.36245 

571.9 

613.0 

1 184.8 

0.7714 

0.5969 

1.3683 

566.9 


1133.38 

560.0 

0.02207 

0.36507 

0.38714 

562.4 

625.3 

1187.7 

0.7625 

0.6132 

1.3757 

557.8 


1000.0 

544.58 

0.02159 

0.42436 

0.44596 

542.6 

650.4 

1192.9 

0.7434 

0.6476 

1.3910 

538.6 


962.79 

540.0 

0.02146 

0.44367 

0.46513 

536.8 

657.5 

1194.3 

0.7378 

0.6577 

1.3954 

532.9 

1111.4 

812.53 

520.0 

0.02091 

0.53864 

0.55956 

512.0 

687.0 

1199.0 

0.7133 

0.7013 

1.41 46 

508.8 


800.0 

518.21 

0.02087 

0.54809 

0.56896 

509.8 

689.6 

1199.4 

0.71 1 1 

0.7051 

1.4163 

506.7 

1 1 1 <5*2 

680.86 

500.0 

0.02043 

0.65448 

0.67492 

487.9 

714.3 

1 202.2 

0.6890 

0.7443 

1.4333 



600.0 

486.20 

0.02013 

0.74962 

0.76975 

471.7 

732.0 

1203.7 

0.6723 

0.7738 

1.4461 

469.5 


566.15 

480.0 

0.02000 

0.79716 

0.81717 

464.5 

739.6 

1204.1 

0.6648 

0.7871 

1.4518 

462.4 

1 1 1 8.5 

500.0 

467.01 

0.01975 

0.90787 

0.92762 

449.5 

755.1 

1 204.7 

0.6490 

0.8148 

1.4639 



466.87 

460.0 

0.01961 

0.97463 

0.99424 

441.5 

763.2 

1204.8 

0.6405 

0.8299 

1.4704 



400.0 

444.60 

0.01934 

1.1416 

1.610 

424.2 

780.4 

1 204.6 

0.6217 

0.8630 

1.4847 

422.7 


381.54 

440.0 

0.01926 

1.1976 

1.2169 

419.0 

785.4 

1204.4 

0.6161 

0.8729 

1 .4890 

417.6 


308.760 

420.0 

0.01 894 

1.4808 

1.4997 

396.9 

806.2 

1 203.1 

0.591 5 

0.9165 

1.5080 

395.8 

1117.5 

300.0 

417.35 

0.01889 

1.5238 

1.5427 

394.0 

808.9 

1 202.9 

0.5882 

0.9223 

1.5105 



250.0 

400.97 

0.01865 

1.8245 

1.8432 

376.1 

825.0 

1201.1 

0.5679 

0.9585 

1.5264 

375,3 


247.259 

400.0 

0.01864 

1.8444 

1.8630 

375.1 

825.9 

1201.0 

0.5667 

0.9607 

1.5274 

374.3 


200.0 

381.80 

0.01839 

2.2689 

2.2873 

355.5 

842.8 

1198.3 

0.5438 

1.0016 

1.5454 


1 1 1 3.7 

195.729 

380.0 

0.01836 

2.3170 

2.3353 

353.6 

844.5 

1198.0 

0.541 6 

1.0057 

1.5473 

352.9 

1113.5 

153.010 

360.0 

0.0181 1 

2.9392 

2.9573 

332.3 

862.1 

1 194.4 

0.5161 

1.0517 

1.5678 

331.8 

1 1 10.6 

150.0 

358.43 

0.01 809 

2.9958 

3.0139 

330.6 

863.4 

1194.1 

0.5141 

1.0554 

1 .5695 

330.1 


1 20.0 

341.27 

0.01789 

3.7097 

3.7275 

312.6 

877.8 

1 1 90.4 

0.4919 

1.0960 

1.5879 

312.2 

1 107.6 

117.992 

340.0 

0.01787 

3.7699 

3.7878 

311.3 

878.8 

1190.1 

0.4902 

1 .0990 

1.5892 

310.9 


100.0 

327.82 

0.01774 

4.4133 

4.4310 

298.5 

888.6 

1 1 87.2 

0.4743 

1.1284 

1.6027 

298.2 

1105.2 

89.643 

320.0 

0.01766 

4.8961 

4.9138 

290.4 

894.8 

1185.2 

0.4640 

1.1477 

1 .61 1 6 



80.0 

312.04 

0.01757 

5.4536 

5.4711 

282.1 

900.9 

1113.1 

0.4534 

1.1675 

1.6208 



70.0 

302.93 

0.01748 

6.1875 

6.2050 

272.7 

907.8 

1180.6 

0.4411 

1.1905 

1.6316 

272.5 


67.005 

300.0 

0.01745 

6.4483 

6.4658 

269.7 

910.0 

1 1 79.7 

0.4372 

1.1979 

1 .6351 



60.0 

292.71 

0.017383 

7.1562 

7.1736 

262.2 

915.4 

1177.6 

0.4273 

1.2167 

1.6440 

262.0 

1098.0 

50.0 

281.02 

0.017274 

8.4967 

8.5140 

250.2 

923.9 

1 174.1 

0.4112 

1.2474 

1.6586 

250.1 

1095.3 

49.200 

280.0 

0.017264 

8.6267 

8.6439 

249.2 

924.6 

1173.8 

0.4098 

1.2501 

1.6599 

249.1 

1095.1 

40.0 

267.25 

0.017151 

10.479 

1 0.496 

236.1 

933.6 

1 169.8 

0.3921 

1.2844 

1 .6765 

236.0 

1092.1 

35.427 

260.0 

0.01 7089 

11.745 

11.762 

228.8 

938.6 

1167.4 

0.3819 

1.3043 

1.6862 

228.6 

1090.3 

30.0 

250.34 

0.017009 

13.727 

13.744 

218.9 

945.2 

1164.1 

0.3682 

1.3313 

1 .6995 

218.8 

1 087.9 

25.0 

240.07 

0.016927 

16.284 

16.301 

208.52 

952.1 

1 1 60.6 

0.3535 

1 .3607 

1.7141 

208.4 

1 085.2 

24.968 

240.0 

0.016926 

16.304 

16.321 

208.45 

952.1 

1 1 60.6 

0.3533 

1.3609 

1.7142 

208.3 

1 085.2 

20.0 

227.96 

0.016834 

20.070 

20.087 

196.27 

960.1 

1156.3 

0.3358 

1.3962 

1.7320 

196.21 

1 082.0 

17.186 

220.0 

0.016775 

23.131 

23.148 

188.23 

965.2 

1 1 53.4 

0.3241 

1.4201 

1.7442 

188.1 8 

1 079.8 

15.0 

213.03 

0.016726 

26.274 

26.290 

181.21 

969.7 

1150.9 

0.3137 

1.4415 

1.7552 

181.16 

1 077.9 

1 4.696 

212.00 

0.016719 

26.782 

26.799 

180.17 

970.3 

1 1 50.5 

0.3121 

1.4447 

1.7568 

1 80.12 

1 077.6 

1 1.526 

200.0 

0.016637 

33.622 

33.639 

168.09 

977.9 

1 1 46.0 

0.2940 

1.4824 

1.7764 

168.05 

1074.2 

10.0 

193.21 

0.016592 

38.404 

38.420 

161.26 

982.1 

1 143.3 

0.2836 

1.5043 

1.7879 

161.23 

1 072.3 

8.0 

182.86 

0.016527 

47.328 

47.345 

150.87 

988.5 

1139.3 

0.2676 

1.5384 

1.8060 

150.84 

1069.2 

7.51 10 

180.0 

0.016510 

50.208 

50.225 

148.00 

990.2 

1138.2 

0.2631 

1.5480 

1.81 1 1 

1 47.98 

1068.4 

6.0 

1 70.05 

0.016451 

61.967 

61.984 

138.03 

996.2 

1134.2 

0.2474 

1.5820 

1.8294 

1 38.01 

1 065.4 

5.0 

162.24 

0.016407 

73.515 

73.532 

130.20 

1 000.9 

1 131.1 

0.2349 

1.6094 

1.8443 

130.1 8 

1 063.1 

4.7414 

160.0 

0.016395 . 

77.27 

77.29 

127.96 

1002.2 

1 1 30.2 

0.2313 

1.6174 

1.8487 

1 27.94 

1062.4 

4.'0 

152.96 

0.016358 

90.63 

90.64 

1 20.92 

1006.4 

1127.3 

0.2199 

1.6428 

1.8626 

1 20.90 

1 060.2 

3.0 

141.47 

0.016300 

118.71 

1 1 8.73 

109.42 

1013.2 

1 1 22.6 

0.2009 

1.6854 

1.8864 

109.41 

1056.7 

2.8892 

140.0 

0.016293 

122.98 

1 23.00 

107.95 

1014.0 

1 1 22.0 

0.1985 

1.6910 

1.8895 

1 07.94 

1 056.2 

2.0 

1 26.07 

0.016230 

173.74 

173.76 

94.03 

1022.1 

1116.2 

0.1750 

1.7450 

1.9200 

94.03 

1 051 .8 

1.6927 

120.0 

0.016204 

203.25 

203.26 

87.97 

1 025.6 

1 1 1 3.6 

0.1646 

1.7693 

1.9339 

87.96 

1 049.9 

1.0 

101.74 

0.016136 

333.59 

333.60 

69.732 

1036.1 

1105.8 

0.1326 

1.8455 

1.9781 

69.73 

1044.1 


0.016130 

350.4 

350.4 

67.999 

1037.1 

1 105.1 

0.1295 

1.8530 

1.9825 

68.00 

1043.5 


0.016072 

633.3 

633.3 

48.037 

1048.4 

1096.4 

0.0932 

1.9426 

2.0359 

48.036 

1 037.0 

0.25611 60.0 

0.016033 

1 207.6 

1207.6 

28.060 

1059.7 

1087.7 

0.0555 

2.0391 

2.0946 

28.060 

1030.5 


0.016019 

2445.8 

2445.8 

8.027 

1071.0 

1079.0 

0.0162 

2.1432 

2.1594 

8.027 

1024.0 

0.08865 32.01 8 

0.016022 

3302.4 

3302.4 

0.0003 

1075.5 

1075.5 

0.0000 

2.1872 

2.1 872 

0.000 

1 021.3 


Derived and Abridged from the 1967 ASME Steam Tables. Copyright 1967 by the American Society 
of Mechanical Engineers. 
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Table A-6. Resistance Values of Copper Wire 
and Thermocouple Extension Wire 

RESISTANCE VALUES FOR SOLID ROUND ANNEALED 
COPPER WIRES AT 20 DEGREES CELSIUS 


Number 
American 
Wire Gauge 

Resistance 
Ohms per 
1000 Feet 

30 

103.2 

29 

81.8 

28 

64.9 

27 

51.5 

26 

40.8 

25 

32.4 

24 

25.7 

23 

20.4 

22 

16.1 

21 

12.8 

20 

10.2 

19 

8.05 

18 

6.39 

17 

5.06 

16 

4.02 

15 

3.18 

14 

2.53 


RESISTANCE CONVERSION 

R t = *.[/ + a (t- O] 

R t = Resistance at operating temperature, t 
R« = Resistance at a known temperature, t 0 
t = Operating temperature 
t 0 = Temperature for a known resistance and o 
a = Temperature coefficient of resistance at to (0.00393 per 
degree C) 
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Table A-6. (continued) Resistafice Values of Thermocouple and Duplex Exten- 
sion Wire (Ohms/ft at 70°F) 


Gauge 

IIC (, / ) 

CIA (K) 

CRIC 

CUIC (T) 

2 

0.005 

0.009 

0.011 


6 

0.014 

0.023 

0.027 


8 

0.022 

0.037 

0.044 


11 

0.043 

0.074 

0.087 

— 

12 

0.054 

0.095 

0.112 

0.047 

14 

0.089 

0.147 

0.175 

0.074 

16 

0.137 

0.234 

0.279 

0.117 

18 

0.221 

0.380 

0.448 

0.190 

20 

0.350 

0.586 

0.706 

0.297 

22 

0.550 

0.940 

1.120 

0.457 

24 

0.87 

1.49 

1.77 

0.754 

28 

2.261 

3.81 

4.55 

1.92 

30 

3.568 

6.05 

7.23 

3.04 



PLT/PLT + 

PLT/PLT + 



Diameter 

Î0%RH. (S) 

13% RH. (R) 



0.020 

0.46 

0.48 



0.022 

0.38 

0.39 



0.024 

0.32 

0.33 



Table A-7. Velocity and Pressure Drop through Pipe (Air) 


FLOW RATE (cfm) 

AP (PER 100 fi) 

FLOW RATE (cfm) 

AP (PER 100 fi) 

34" 

Pipe 


1" Pipe 


0.769 

0.037 

1.282 


0.029 

1.282 

0.094 

3.204 


0.156 

2.563 

0.345 

4.486 


0.293 

3.204 

0.526 

6.408 


0.578 

4.486 

1.0 

8.971 


1.10 

5.767 

1.62 

12.82 


2.21 

7.690 

2.85 

19.22 


4.87 

10.25 

4.96 

28.84 


10.8 

12.82 

7.69 

35.24 


16.0 

19.22 

17.0 

44.87 


25.8 
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Table A-7. Velocity and Preş sure Drop through Pipe (Air) ( continued ) 


FLOW RATE ( cfm ) A P ( PER 100 ft) FLOW RATE ( cfm ) A P ( PER 100 ft) 



/ W Pipe 


2" Pipe 

4.486 

0.035 

8.971 

0.036 

7.690 

0.094 

16.02 

0.107 

11.53 

0.203 

25.63 

0.264 

22.43 

0.727 

38.45 

0.573 

28.84 

1.19 

48.06 

0.887 

41.65 

2.42 

60.88 

1.40 

54.47 

4.09 

76.90 

2.21 

64.08 

5.61 

102.5 

3.90 

89.71 

10.9 

121.8 

5.47 

115.3 

18.0 

166.6 

10.1 


5" Pipe 


4" Pipe 

28.84 

0.045 

57.67 

0.042 

41.65 

0.090 

76.9 

0.073 

54.47 

0.151 

102.5 

0.127 

70.49 

0.248 

128.2 

0.197 

96.12 

0.451 

179.4 

0.377 

121.8 

0.715 

256.3 

0.757 

166.6 

1.32 

512.6 

2.94 

230.7 

2.50 

897.1 

8.94 

448.6 

9.23 

1410 

22.2 

769 

27.1 

1794 

36.0 


6" Pipe 


8" Pipe 

121.8 

0.023 

256.3 

0.023 

166.6 

0.041 

448.6 

0.068 

205.1 

0.061 

576.7 

0.111 

384.5 

0.204 

897.1 

0.262 

576.7 

0.450 

1153 

0.427 

897.1 

1.07 

1538 

0.753 

1410 

2.62 

1794 

1.02 

1794 

4.21 

2307 

1.68 

2307 

6.96 

2820 

2.50 

3332 

14.5 

3588 

4.04 
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Table A-7. Velocity and Pressure Drop through Pipe (Air) (continued) 


FLOW RATE {cfm) AP (PER 100 ft) FLOW RATE (cfm) AP (PER 100 ft) 



/ 0" Pipe 


/2" Pipe 

448.6 

0.022 

640.8 

0.018 

640.8 

0.043 

769.0 

0.025 

897.1 

0.082 

1025 

0.044 

1282 

0.164 

1282 

0.067 

1538 

0.234 

1538 

0.096 

1922 

0.364 

1794 

0.129 

2307 

0.520 

2051 

0.167 

3076 

0.918 

2563 

0.260 

3588 

1.25 

3076 

0.371 

3845 

1.42 

3588 

0.505 


STEAM OR VAPOR FLOW 


Dctermination of pressure loss through schedule-40 pipe for a steam or vapor can be accomplished by 
calculating the equivalent liquid velocity. 

Velocity (feet per second) = (4 p 2 2 4 ^ ( ^ ) V) 

W = Flow rate (pounds per hour) 

D = Nominal pipe diameter (inches) 
v = Specific volume (cubic feet per pound) 

By determining the velocity, pressure loss can be found by referring to the tables for liquid losses. 
E.g., if a 3-inch pipe is used, and the equivalent liquid velocity is 8.68 feet per second, the pressure 
loss is 3.7 psi/100 feet. 


AIR FLOW 

Following is a tabulation of pressure drop per 100 feet of schedule-40 pipe for air at 100 psi and 60°F. 

Note: If air at temperatures other than 60°F or pressure other than 100 psi is used, the pressure 
drop can be determined by multiplying the values given in the table by 

100 + 14.7 460 + t 

P + 14.7 ° r 520 

where P is the actual pressure in psi and t is the actual temperature in degrees Fahrenheit. Likewise, 
if the fluid is not air and has a specific gravity other than 1.0, multiply the pressure drop by ţ-q, 
where G is the actual specific gravity. 
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460 APPENDIX 


Table A- 10. Thermocouple Temperature/mV Data For Platinum-6% Rhodium 
vs. Platinum-30% Rhodium Thermocouples, Type B Based on International 
Practicai Temperature Scale of 1968 (IPTS-68) 

Reference Junction: At 32°F, mV = 0 
Temperature in Degrees Fahrenheit vs. Absolute mV 
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Table A-18. Thermocouple Temperature/mV Data For Copper vs. 
Copper-Nickel (Copper-Constantan) Thermocouples, Type T Based on 
International Practicai Temperature Scale of 1968 (IPTS-68) 

Reference Junction: At 32°F, mV = 0 
Temperature in Degrees Fahrenheit vs. Absolute mV 



Reference Junction: At 0°C, mV = 0 
Temperature in Degrees Celsius vs. Absolute mV 
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Table A-19. Thermocouple Temperature/mV Data For Nickel-Chromium 
Copper-Nickel (Chromel-Constantan) Thermocouples, Type E Based on 
International Practicai Temperature Scale of 1968 (IPTS-68) 

Reference Junction: At 0°C, mV - 0 
Temperature in Degrees Celsius vs. Absolute mV 
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Table A-22. Platinum RTD Temperature/Resistance Data Calculated from DIN 
43760 Platinum RTD Curve Data (Foxboro PR 239) Degrees Fahrenheit 
vs. Absolute Ohms 

These tables show the value of resistance (in Absolute Ohms) between the 
black and white terminals or leads of RTD type sensors at diflferent 
temperatures (in degrees Fahrenheit). 
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Table A-23 

CURVE CR-228 FOR COPPER RTDs , FAHRENHEIT TEMPERATURE 
V5 ABSOLUTE OHMS 
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Deg C 

CURVE CR-229 FOR COPPER RTDs, CELSIUS TEMPERATURE 
VS ABSOLUTE OHMS 
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One absolute Ohm equals 0.999505 internaţional ohm. 
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Table A-24 
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176.893 

- 35.0 

219.766 

67.5 

267.813 

180.0 

332.722 

292.5 

- 145.0 

177.749 

- 32.5 

220.829 

70.0 

269.108 

182.5 

334.330 

295.0 

- 142.5 

178.608 

- 30.0 

221,896 

72.5 

270.409 

185.0 

335.947 

297.5 

- 140.0 

179.471 

- 27.5 

222.969 

75.0 

271.716 

187.5 

337.571 

300.0 

- 137.5 

180.339 

- 25.0 

224.047 

77.5 

273.030 

190.0 

339.203 

302.5 

- 135.0 

181.211 

- 22.5 

225.130 

80.0 

274.350 

192.5 

340.842 

305.0 

- 132.5 

182.087 

- 20.0 

226.218 

82.5 

275.676 

195.0 

342.490 

307.5 

- 130.0 

182.967 

- 17.5 

227.312 

85.0 

277.009 

197.5 

344.146 

310.0 

- 127.5 

183.851 

- 15.0 

228.411 

87.5 

278.348 

200.0 

345.809 

312.5 

- 125.0 

184.740 

- 12.5 

229.515 

90.0 

279.693 

202.5 

347.483 

315.0 

- 122.5 

185.633 

- 10.0 

230.624 

92.5 

281.045 

205.0 

349.161 

317.5 

- 120.0 

186.531 

- 7.5 

231.739 

95.0 

282.404 

207.5 

350.849 

320.0 

- 117.5 

187.433 

- 5.0 

232.859 

97.5 

283.769 

210.0 

352.545 


- 115.0 

188.339 

- 2.5 

233.985 

100.0 

285.141 

212.5 

354.249 
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Table A-25 


CURVE NR-226 FOR FOXBORO RTDs, FAHRENHETT TEMPERATURE VS ABSOLUTE OH MS 
{ONE ABSOLUTE OHM = 0.999505 INTERNATIONAL OHM ) 


Deg F 

Ohms 

Deg F 

Ohms 

Deg F 

Ohms 

Deg F 

Ohms 

Deg F 

Ohms 



-125 

198.706 





405 

350.661 

-320 

161.233 

-120 

199.774 

35 

235.874 



410 

352.545 

-315 

162.099 

-115 

200.847 

40 

237.141 

215 

286.059 

415 

354.439 

-310 

162.970 

-110 

201.926 

45 

238.415 

220 

287.596 

420 

356.343 

-305 

163.845 

-105 

203.011 

50 

239.696 

225 

289.142 

425 

358.258 

-300 

164.725 

-100 

204.102 

55 

240.984 

230 

290.695 

430 

360.183 

-295 

165.610 

- 95 

205.198 

60 

242.279 

235 

292.257 

435 

362.118 

-290 

166.500 

- 90 

206.301 

65 

243.580 

240 

293.827 

440 

364.064 

-285 

167.395 

- 85 

207.409 

70 

244.889 

245 

295.406 

445 

366.020 

-280 

168.294 

- 80 

208.524 

75 

246.205 

250 

296.993 

450 

367.986 

-275 

169.199 

- 75 

209.644 

80 

247.527 

255 

298.589 

455 

369. %3 

-270 

170.108 

- 70 

210.771 

85 

248.857 

260 

300.193 

460 

371.951 

-265 

171.022 

- 65 

211.903 

90 

250.194 

265 

301.806 

465 

373.949 

-260 

171.940 

- 60 

213.042 

95 

251.539 

270 

303.428 

470 

375.959 

-255 

172.864 

- 55 

214.187 

100 

252.890 

275 

305.057 

475 

377.979 

-250 

173.793 

- 50 

215.337 

105 

254.249 

280 

306.6% 

480 

380.009 

-245 

174.727 

- 45 

216.494 

110 

255.615 

285 

308.344 

485 

382.051 

-240 

175.666 

- 40 

217.657 

115 

256.988 

290 

310.001 

490 

384. 104 

-235 

176.609 

- 35 

218.826 

120 

258.369 

295 

311.667 

495 

386.168 

-230 

177.558 

- 30 

220.002 

125 

259.757 

300 

313.341 

500 

388.243 

-225 

178.512 

- 25 

221.184 

130 

261.153 

305 

315.025 

505 

390.329 

-220 

179.471 

- 20 

222.372 

135 

262.556 

310 

316.717 

510 

392.426 

-215 

180.436 

- 15 

223.567 

140 

263. 967 

315 

318.419 

515 

394.534 

-210 

181.405 

- 10 

224.768 

145 

265.385 

320 

320.130 

520 

3%. 654 

-205 

182.380 

- 5 

225.976 

150 

266.811 

325 

321.850 

525 

398.785 

-200 

183.360 



155 

268.244 

330 

323.579 

530 

400.928 

-195 

184.345 



160 

269.685 

335 

325.318 

535 

403.082 

-190 

185.335 

0 

227,190 

165 

271.134 

340 

327.066 

540 

405.247 

-185 

186.331 



170 

272.591 

345 

328.823 

545 

407.425 

-180 

187.332 



175 

274.056 

350 

330.590 

550 

409.614 

-175 

188.339 

+ 5 

228.411 

180 

275.528 

355 

332.366 

555 

411.814 

-170 

189.351 

10 

229.638 

185 

277.009 

360 

334.152 

560 

414.027 

-165 

190.368 

15 

230.872 

190 

278.497 

365 

335.947 

565 

416.252 

-160 

191.391 

20 

232.112 

195 

279.993 

370 

337.752 

570 

418.488 

-155 

192.419 

25 

233.359 

200 

281.498 

375 

339.566 

575 

420.736 

-150 

193.453 

30 

234.613 

205 

283.010 

380 

341.391 

580 

422.997 

-145 

194.492 



210 

284.531 

385 

343.225 

585 

425.270 

-140 

195.537 





390 

345.069 

590 

427.555 

-135 

196.588 

32 

235.117 

212 

285.141 

395 

346.923 

595 

429.852 

-130 

197.644 





400 

348.787 

600 

432.162 


NOTE: For narrow spân instruments or Instruments with midscale values below -40°F or -40°C a special value resistor is 
used in place of the 217.657 ohm resistor. Padder panels with these special value resistors are identified with a RED dot and the 
actual resistance value is marked on the end of the coil. This special value should be used instead of 217.657 ohms. 
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Table A-28. Seal Fluids 


Pour Point ÂPPROXlMATE VAPOR PREŞ SURE 

F °* MtLLlMETERS OF MERCUR V 

Freezing 


Material 

Sp Gr 

Point 

/rf 

tW*F 

300* F 

S0O*F 

Manufacturer or Source 

Aquaseal 1 

. __ 


002 

.020 

1.2 

100 


Nujol orother highly 



.0002 

004 




refined neutral 








mineral oii 








Fluorolube 2 FS-5 

1.868 

-60 P.P. 

0.1 

0.6 

15 

30 

Hooker Industrial 

S-30 

1.927 

12 P.P. 

0.003 

0.02 

1.5 

20 

Chemicals 

HO- 125 

1.953 

60 P.P. 

0.002 

0.01 

0.6 

15 


Mercury 

13.6 

-38.8 C 

.005 

.05 

2.6 

96 

Widely available 

Halocarbon 3 4-11 

1.85 

-110 P.P. 

0.18 

1.7 

60 

HIGH 

Halocarbon Products Corp. 

11-21 

1.90 

0P.P. 

<0.01 

0.12 

10 

HIGH 


10-25 

1.95 

35 P.P. 

<0.01 

<0.01 

1.2 

190 



1 Dibutylphthalate 

2 Trifluorovinyl Chloride Polymers 

3 Chlorotrifluoroeîhylene 


In the measurement of pressure 
and flow, it is sometimes desirable to 
protect the instrumente against dan- 
gerous and corrosive fluids — such as 
sulphuric, hydrochloric, and nitric 
acids; strong sodium or potassium 
hydroxide; the halogens, and many of 
the halogenated hydrocarbons . In 
these applications it is necessary to 
fiii the connecting leads between the 
instrument and the source of mea- 
surement with a seal fluid which will 
remain stable under a wide range of 
operating conditions. Seal fluids 
should have the following 
characteristics: 


1 . Higher specific gravity than the 
measured fluid. 

2. Inert to attack by, immiscible 
with, and not a solvent for, the 
measured fluid. 

3. Stabil ity at high ambient 
temperatures. 

4. High boiling point, low vapor 
pressure. 

5. Low pour or freeze point, low 
viscosity and flat viscosity 
curve. 

6. Nontoxic on contact or inhala- 
tion, freedom from obnoxious 
odors. 


No one fluid will meet the wide 
variety of conditions imposed by 
many installations. The seal fluids 
listed above have been reported by 
users or field service engineers as 
materials which have given satisfac- 
tory service. The data pertaining to 
these materials was abstracted from 
manufactureiV publications or tech- 
nical data, and is assumed to be 
reliable. 

Unless a user has had practicai 
experience with any of these fluids, 
they should be considered on a quasi- 
experimental basis until the validity 
of the ir use is confirmed. 


Table A-29. Psychrometric Chart 


BAROMETRIC PRESSURE 29.92 in. Hg 



Legend 

1 Dew Point Temperat ure 

2 Wet Bulb Temperature 

3 Cubic Feet Per Pound 

4 Relative Humidity 

5 Grains of Moisture 

6 Pounds of Water 

7 Dry Bulb Temperature 


How to use chart 

Locate point on chart at inter- 
section of any two values. Obtain 
other values by following chart lines 

Example: at a dry bulb tempera- 
ture 7 of 17 2T and a wet bulb 
temperature 2 of 102 F, the follow- 
ing values may be obtained from 
the chart: dew point temperature 
1 87.5 F ; cubic feet per pound of 
dry air 3 16.7; relative humidity 
4 10.3 percent,- grains of moisture 
per pound of dry air 5 201; pounds 
of water per pound of dry air 
6 .0287. 


COPYRIGHT 1946 CARRJER CORPORATION 
REPRINTED WITH PERMISSION 
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Accuracy. Conformity to an indicated, standard, or true value, usually 
expressed as a percentage (of spân, reading, or upper-range value) 
deviation from the indicated, standard, or true value. 

Amplification. The dimensionless ratio of output/input in a device intended by 
design to have this ratio greater than unity. 

Amplifier . A device whose output is, by design, an enlarged reproduction of 
the input signal and which is energized from a source other than the 
signal. See Gain. 

Amplitude ratio. The ratio of the magnitude of a steady state sinusoidal output 
relative to the input. 

Analog computer . A computer operating on continuous variables. Compare 
Digital computer. 

Analog simulator. An electronic, pneumatic, or mechanical device that solves 
problems by simulation of the physical system under study using 
electrical or physical variables to represent process variables. 

Attenuation. A decrease in signal magnitude — the reciprocal of gain. 

Automatic controller. A device, or combination of devices, which measures 
the value of a variable, quantity, or condition and operates to correct or 
limit deviation of this measured value from a selected (set point) 
reference. 

Automatic control system. An operable arrangement of one or more automatic 
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controllers along with their associated equipment connected in closed 
loops with one or more processes. 

Automation. The act or method of making a Processing or manuf act u ring 
system perform without the necessity of operator intervention or 
supervision. The common word designating the state of being automatic. 

Block. A set of things, such as words, characters, digits, or parameters 
handled as a unit. 

Bode diagram. A plot of log-gain and phase-angle values on a log-frequency 
base, for an element, loop, or output transfer function. It also comprises 
similar funcţional plots of the complex variable. 

Breakpoint. The junction of two confluent straight line segments of a plotted 
curve. 

Bulk storage. An auxiliary memory device with storage capacity many orders 
of magnitude greater than working memory; for example, disk file, drum, 
magnetic tape drives. 

Bus. One or more conductors used to transfer signals or power. 

Capacitance . The property that may be expressed as the time integral of flow 
rate (heat, electric current, and so on) to or from a storage divided by the 
associated potenţial change. 

Capacity. Measure of capability to store liquid volume, mass, heat, 
information, or any form of energy or matter. 

Cascade control system. A control system in which the output of one 
controller is the set point of another. 

Chip. An integrated circuit. 

Closed loop {feedback loop). Several automatic control units and the process 
connected so as to provide a signal path that includes a forward path, a 
feedback path, and a summing point. The controlled variable is 
consistently measured, and if it deviates from that which has been 
prescribed, corrective action is applied to the final element in such 
direction as to return the controlled variable to the desired value. 

Compiler. A program that translates a higher le vel language like “BASIC” or 
FORTRAN into assembly language or machine language, which the CPU 
can execute. 

Computer. A device that performs mathematical calculations. It may range 
from a simple device (such as a slide rule) to a very complicated one 
(such as a digital computer). In process control, the computer is either an 
analog mechanism set up to perform a continuous calculation on one or 
more input signals and to provide an output as a function of time without 
relying on externai assistance (human prompting), or a digital device 
used in direct digital control (DDC). 

Control accuracy. The degree of correspondence between the controlled 
variable and the desired value after stability has been achieved. 

Control loop. Starts at the process in the form of a measurement or variable, 
is monitored, and retums to the process in the form of a manipulated 
variable or “valve position” being controlled by some means. 
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Control point . The value at which the controlled system or process settles out 
or stabilizes. It may or may not agree with the set point (instruction) 
applied to the controller. 

Control system. A system in which deliberate guidance or manipulation is 
used to achieve a prescribed value of a variable. 

Controlled system . That part of the system under control — the process. 

Controlling means. The elements in a control system that contribute to the 
required corrective action. 

CPU . Central processer unit — the portion of a computer that decodes the 
instructions, performs the actual computations, and keeps order in the 
execution of programs. 

Cycling . A periodic change in the factor under control, usually resulting in 
equal excursions above and below the control point of sinusoidal wave 
shape — o scillation . 

Damping. Progressive reduction in the amplitude of cycling of a system. 
Critically damped describes a system that is damped just enough to 
prevent overshoot folio wing an abrupt stimulus. 

Data. A general term to denote any information that can be processed. 

Dead bând. The change through which the input to an instrument can be 
varied without initiating instrument response. 

Dead time, instrument. The time that elapses while the input to an instrument 
varies sufficiently to pass through the dead bând zone and causes the 
instrument to respond. 

Derivative action. Control action in which the rate of change of the error 
signal determines the amplitude of the corrective action applied. It is 
calibrated in time units. When subjected to a ramp change, the derivative 
output precedes the straight proporţional action by this time. 

Deviation. The departure from a desired value. The system deviation that 
exists after transients have expired is synonymous with offset. 

Digital computer. A computer operating on data in the form of digits — discrete 
quantities of variable rather than continuous. 

Dynamic behavior . Behavior as a function of time. 

Equilibrium . The condition of a system when all inputs and outputs (supply 
and demand) have steadied down and are in balance. 

Error . The difference between the actual and the true value, often expressed 
as a percentage of either spân or upper-range value. 

Feedback. Information about the status of the controlled variable that may be 
compared with information that is desired in the interest of making them 
coincide. 

Final control element . Component of a control system (such as a valve) which 
directly regulates the flow of energy or material to the process. 

Frequency. Occurrcnce of a periodic function (with time as the independent 
variable), generally specified as a certain number of cycles per unit time. 
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Frequency corner. That frequency in the Bode diagram indicated by a 

breakpoint — the inter section of a straight line drawn asymptotically to 
the log-gain versus log-frequency curve and the unit log-gain abscissa. 

Frequency-response analysis. A system of dynamic analysis that consists of 
applying sinusoidal changes to the input and recording both the input and 
output on the same time base using an oscillograph. By applying these 
data to the Bode diagram, the dynamic characteristics can be graphically 
determined. 

Gain (mag nit ude ratio). The ratio of change in output divided by the change in 
input that caused it. Both output and input must be expressed in the 
same units, making gain a pure (dimensionless) number. 

Gain, loop. The combined output/input magnitude ratios of all the individual 
loop components mulţi plied to obtain the overall gain. 

Gain, mar gin. The sinusoidal frequency at which the output/input magnitude 
ratio equals unity and feedback achieves a phase angle of - 180 degrees. 

Gain, static (zero’frequency gain). The output/input amplitude ratio of a 
component or system as frequency approaches zero. 

Handler. A small program that handles data flow to and from specific pieces 
of hardware for use by the other software. 

Hardware. Physical equipment; for example, mechanical, magnetic, 

electrical, or electronic devices. Something that you can touch with your 
finger. 

Hunting. Oscillation or cycling that may be of appreciable amplitude caused 
by the system’ s persistent effort to achieve a prescribed le vel of control. 

Hysteresis . Diflference between upscale and downscale results in instrument 
response when subjected to the same input approached from opposite 
directions. 

Input. Incoming signal to measuring instrument, control units, or system. 

Instrument. In process measurement and control; this term is used broadly to 
describe any device that performs a measuring or controlling function. 

Instrumentat ion. The application of instruments to an industrial process for 
the purpose of measuring or controlling its activity. The term is also 
applied to the instruments themselves. 

Integral control action. Action in which the controller’ s output is proporţional 
to the time integral of the error input. When used in combination with 
proporţional action, it was previously called reset action. 

Integral time. The calibrated time on the controller integral (reset) dial which 
represents the time that will elapse while the open-loop controller repeats 
proporţional action. 

Integral windup. The overcharging, in the presence of a continuous error, of 
the integral capacitor (bellows, in a pneumatic controller) which must 
discharge through a longtime constant discharge path and which prevents 
a quick return to the desired control point. 
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Integrator. Often used with a flowrneter to totalize the area undei* the flow 
record; (for example, gallons per minute x minutes = total gallons. It 
produces a digital readout of total flow. 

IiO. Input/Output: The interface between peripheral equipment and the digital 
system. 

Lag. A delay in output change following a change in input. 

Laplace transform. A transfer function that is the operaţional equivalent of a 
complex mathematical function permitting solution by simple arithmetic 
techniques. 

Limiting. A boundary imposed on the upper or lower range of a variable (for 
example, the pressure in a steam boiler as limited by a safety valve). 

Linearity . The neamess with which the plot of a signal or other variable 
plotted against a prescribed linear scale approximates a straight line. 

Load. Le vel of material, force, torque, energy, power, or other variable 

applied to or removed from a process or other component in the system. 

Log gain. Gain expressed on a logarithmic scale. 

Loop. A signal path. 

Manipulat ed variable. That which is altered by the automatic control 
equipment so as to change the variable under control and make it 
conform with the desired value. 

Measuring element . An element that converts any system activity or condition 
into a form or language that the controller can understand. 

Memory. Pertaining to that storage device in which programs and data are 
stored and easily obtained by the CPU for execution. 

Nichols diagram (Nichols chart). A plot of magnitude and phase contours of 
return-transfer function referred to ordinates of logarithmic loop gain and 
abscissae of loop phase angle. 

Noise. Unwanted signal components that obscure the genuine signal 
information that is being sought. 

Ojfline. (1) Pertaining to equipment or programs not under control of the 
computer. (2) Pertaining to a computer that is not actively monitoring or 
controlling a process. 

Ojfset. The difference between what we get and what we want — the difference 
between the point at which the process stabilizes and the instruction 
introduced into the controller by the set point. 

On-line. (1) Pertaining to equipment or programs under control of the 
computer. (2) Pertaining to a computer that is actively monitoring or 
controlling a process or operation. 

Open loop. Control without feedback; for example, an automatic washer. 

Optimum. The highest obtainable proficiency of control; for example, supply 
equals demand, and offset has been reduced to a minimum (hopefully 
zero). 

Oscillograph recorder . A device that makes a high-speed record of electrical 
variations with respect to time; for example, an ordinary recorder might 
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have a chart speed of 3 A inch per hour while an oscillograph could have a 
chart speed of 3 A inch per second or faster. 

Output. The signal provided by an instrument; for example, the signal that the 
controller delivers to the valve operator is the controller output. 

Overdamped. Damped so that overshoot cannot occur. 

Overshoot. The persistent effort of the control system to reach the desired 
level, which frequently reSults in going beyond (overshooting) the mark. 

Phase. The condition of a periodic function with respect to a reference time. 

Phase difference. The time, usually expressed in electrical degrees, by which 
one wave leads or lags another. 

Process. The equipment for which supply and demand must be balanced — the 
system under control, excluding the equipment that does the controlling. 

Program. A series of instructions that logically solve given problems and 
manipulate data. 

Proporţional bând. The reciprocal of gain expressed as a percentage. Refers to 
the percentage of the controller’ s spân of measurement over which the 
full travel of the control valve occurs. 

Proporţional control. Control action in which there is a fîxed gain or 
attenuation between output and input. 

Ramp. An increase or decrease of the variable at a constant rate of change. 

Rate action. That portion of controller output that is proporţional to the rate 
of change of input. See Derivative action. 

Reaction curve. In process control, a reaction curve is obtained by applying a 
step change (either in load or set point) and plotting the response of the 
controlled variable with respect to time. 

Real-time clock. A device that automatically maintains time in convenţional 
time units for use in program execution and event initiation. 

Reproducibility. The exactness with which a measurement or other condition 
can be duplicated over time. 

Reset action. See Integral control action. 

Re set time. See Integral time. 

Reset windup. See Integral windup. 

Resistance. An opposition to flow that accounts for the dissipation of energy 
and limits flow. Flow from a water tap, for example, is limited to what 
the available pressure can push through the tap opening 


electrical resistance (ohms) - 


potenţial (volts) 
flow (amperes) 


Response. Reaction to a forcing function applied to the input; the variation in 
measured variables that occurs as the result of step sinusoidal, ramp, or 
other kind of input. 

Routine. A small program used by many other programs to perform a specific 
task. 

Self-regulation. The ability of an open-loop process or other device to settle 
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out (stabilize) at some new operating plant after a load change has taken 
place. 

Servomechanism. An automatic control system that takes necessary 
corrective action as the result of feedback. The output may be 
mechanical position or something related to it as a function of time. 

Servotechniques. The mathematical and graphical methods devised to analyze 
and optimize the behavior of control systems. 

Set point. The instruction given the automatic controller determining the point 
at which the controlled variable hopefully will stabilize. 

Signal. Information in the form of a pneumatic pressure, an electric current, 
or mechanical position that carries information from one control loop 
component to another. 

Software. The collection of programs and routines associated with a 
computer. 

Stability. That desirable condition in which input and output are in balance 
and will remain so unless subjected to an externai stimulus. 

Static behavior. Behavior which is either not a function of time or which takes 
place over a sufficient length of time that dynamic changes become of 
minor importance. 

Steady state. A state in which static conditions prevail and all dynamic 
changes may be assumed completed. 

Step change. A change from one le vel to another in supposedly zero time. 

Summing point. A point at which several signals can be algebraically added. 

System. Generally refers to all control components, including process, 
measurement, controller, operator, and valves, along with any other 
additional equipment that may contribute to its operation. 

Terminal. A device for operator- mac hine interface; for example, CRT’s, 
typewriters, teletypers with keyboard input, or telephone modems. 

Thermocouple . A device constructed of two dissimilar metals that generates a 
small voltage as a function of temperature difference between a 
measuring and reference junction. This voltage can be measured and its 
magnitude used as a measure of the temperature in question. 

Time constant. The product of resistance x capacitance (J = RC)> which 
becomes the time required for a first-order system to reach 63.2 percent 
of a total change when forced by a step. In so-called high-order systems 
there is a time constant for each of the first-order components. 

Transducer. A device that converts information of one physical form to 
another physical type in its output (e.g., a thermocouple converts 
temperature into milli voltage). 

Transfer function. A mathematical description of the output divided by input 
relationship which a component or a complete system exhibits. It often 
refers to the Laplace transform of output over the Laplace transform of 
input with zero iniţial conditions. 

Transportation lag. A delay caused by the time required for material to travel 
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from one point to another; for example, water flowing in a pipe at 10 feet 
per second requires 10.0 seconds to travel 100 feet, and if this 100 feet 
exists between manipulation and measurement, it would constitute at 
10-second lag. 

Ultimate period. The time period of one cycle at the natural frequency of the 
system where it is allowed to oscillate without damping. 

Value. The level of the signal being measured or controlled. 

Variable. A level, quantity, or other condition that is subject to change. This 
may be regulated (the controlled variable) or simply measured (a 
barometer measuring atmospheric pressure). 

Zero frequency gain. Static gain or change in output divided by the change in 
input which caused it, after sufficient time has elapsed to eliminate the 
dynamic behavior components. 

Zero shift. Change resulting from an error that is the same throughout the 
scale. 


Note: Amore complete set of defini tions may befoundin the ISApublication, “Process Instrumen- 
tation Terminology,” ANSI/ISA 551:1, 1979. 
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1-1. c 

2-3. a 

3-3. a 

5-1. a 

1-2. c 

2-4. c 

3-4. b 

5-2. c 

1-3. c 

2-5. b 

3-5. d 

5-3. b 

1-4. b 

2-6. c 

3-6. a 

5-4. c 

1-5. a 

2-7. c 

3-7. b 

5-5. a 

1-6. a 

2-8. b 

3-8. a 

5-6. a 

1-7. d 

2-9. c 

3-9. c 

5-7. c 

b 

2-10. b 

3-10. c 

5-8. c 

h 

2-11. b 


5-9. d 

e 

2-12. b 

4-1. d 

5-10. c 

a 

2-13. c 

c 

5-11. c 

g 

2-14. c 

a 

5-12. b 

c 

2-15. a 

b 

5-13. a 

f 

2-16. c 

e 

5-14. b 

1-8. c 

2-17. c 

4-2. a 

5-15. c 

1-9. d 

2-18. a 

4-3. b 

5-16. d 

1-10. a 

2-19. c 

4-4. d 

5-17. c 

1-11. a 

2-20. b 

4-5. d 

5-18. b 

1-12. c 

2-21. b 

4-6. d 

5-19. c 

1-13. a 

2-22. c 

4-7. a 

5-20. b 

1-14. b 

2-23. d 

4-8. b 

1-15. c 

2-24. d 

4-9. b 
4-10. a 

6-1. a 

2-1. b 

3-1. c 

4-11. d 

6-2. b 

2-2. c 

3-2. c 

4-12. b 

6-3. a 
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6-4. a 

8-11. a 

6-5. a 

8-12. b 

6-6. b 

8-13. d 

6-7. c 

8-14. c 

6-8. a 

8-15. c 

6-9. b 

8-16. d 

6-10. c 

8-17. c 

6-11. c 

8-18. c 

6-12. a 

8-19. d 

6-13. c 
6-14. a 

8-20. b 

6-15. a 

9-1. b 
9-2. c 

7-1. b 

9-3. c 

7-2. c 

9-4. a 

7-3. a 

9-5. a 

7-4. c 

9-6. a 

7-5. b 

9-7. a 

7-6. c 

9-8. c 

7-7. a 

9-9. b 

7-8. b 

9-10. b 

7-9. b 

9-11. a 

7-10. b 

9-12. c 

7-11. 45 seconds 

9-13. b 

7-12. c 

9-14. d 

7-13. b 
7-14. c 
7-15. d 
7-16. a 
7-17. a 
7-18. b 
7-19. a 

9-15. d 

10-1. b 
10.2. a 
10-3. b 
10-4. b 
10-5. b 

7-20. c 

10-6. c 
10-7. b 
10-8. a 

8-1. a 

10-9. b 

8-2. T 
8-3. T 
8-4. F 
8-5. T 
8-6. T 
8-7. a. T 

b. T 

c. T 

d. F 

e. T 

f. T 
8-8. d 
8-9. c 

8-10. b 

10-10. c 


IM. C P max = 4.57 
C v min = 0.355 
Vi ball valve 

1 1-2. C v max = 300 
C v min =18.9 

6-inch, equal percentage, globe valve 

11-3. C v max = 41.3 
C v min = 7.6 

2-inch, equal percentage, globe valve 

11-4. C v max - 1407 
C v min = 56.3 
8-inch butterfly 

11-5. C v max = 3.43 

‘4-inch globe or ball valve 

11-6. b 
11-7. b 
11-8. c 
11-9. a 


12-1. c 

12-2. d 

12-3. a 

12-4. b 

12-5. d 


13-1. d 

13-2. a 

13-3. b 

13-4. b 

13-5. a 
13-6. d 
13-7. a 
13-8. b 
13-9. d 
13-10. d 
13-11. b 
13-12. d 


14-1. d 

14-2. c 

14-3. a 

14-4, a 

14-5. b 
14-6. c 
14-7. b 
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14-8. d 

16-1; 

14-9. b 

16-2. 

14-10. d 

16-3. 

15-1. a 
15-2. b 
15-3. a 

16-4. 

16-5. 

15-4. a 

17-1. 

15-5. a 

17-2. 

15-6. a 

17-3. 

15-7. a 

17-4. 

15-8. b 

17-5. 

15-9. b 

17-6. 

15-10. a 

17-7. 

15-11. a 

17-8. 

15-12. d 

17-9. 


17-10. c 

19-3. a 

17-11. b 

19-4. a 

17-12. c 

19-5. d 

18-1. b 

20-1. c 

18-2. b 

20-2. d 

18-3. a 

20-3. a 

18-4. c 

20-4. a 

18-5. b 

20-5. d 

18-6. d 

20-6. c 

18-7. d 

20-7. b 

18-8. b 

20-8. b 

19-1. b 
19-2. c 

20-9. c 
20-10. d 
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Absolute pressure, 34, 37 
Absolute pressure transmitter, 64-65 
Acidity. See pH measurement 
Actuators, 259-68 

electrical signal conversion and, 263- 
67 

electric motor, 267-68 
piston-and-cylinder, 263 
valve, 226-67, 259-61 
Algebraic summing point, 179, 180 
Aspirating relay, 208-9 
Atmospheric pressure, 34 
Automatic controller s. See Controller s 
Auto- selector control, 345^18 

Bar, 37 

Batch controller, 231-34 
Bell instrument, 44, 45 
Bellows, metallic, 49-52 
Bemoulli’s theorem, 91-92 , 270 
Blocks, 397, 399, 400 
Bode diagram, frequency response analy- 
sis and, 329-31 
Bourdon tube, 46-48 


Bubble tube method of level measurement, 
73-74 

Buoyancy level transmitters, 71-73 

Calibrator, portable pneumatic, 59-60 
Capacitance, 78 
Capacitance measurement, 175 
Capac ity 

of control valves, 272-73 
of a process, 14, 18 

Cascade control system, 247-52, 352-57 
Cavitation, 274-76 
Cell constant, 153 

Central Processing unit (CPU), 373-74 
CGS units of pressure, 35, 37 
Chromatographs, 174 
Cippoletti weir, 110 

Closed loop control system, 179-201. See 
also Controllers 
gain and, 180-83 
nonlinearities in, 189 
oscillation in, 184-87 
phase shifts in, 184 
pneumatic, 223-31 
stability in, 187-88 
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Computer hardware, 372-85 
Computer input, 373 
Computer interface equipment, 377-85 
Computer memory, 373-77 
Computer software and operation, 388- 
400 

analog flow loop, 399 
blocks, 397, 399, 400 
control software, 394-400 
Foxboro Control Package (FCP), 399- 
400 

Foxboro Process Basic (FPB) language, 
396 

off-line system, 389-90 
on-line system, 388-89 
re al- ti me clock and power fail/restart 
logic, 394 

Computer system process control, 378-85 
Computers, basic elements of, 372-74 
Conductance, 152-54 
Conduc ti vity le vel sensors, 79 
Conduc ti vity measurements, 151-59 
applications of, 157 
calibraţi on of instruments for, 154-57 
construction of cells for, 156-57 
electrodeless, 157-59 
polarization effects and, 156 
Controllers, 12-29 
adjustment (tuning), 295-303 
closed-loop cycling method, 301-2 
proportional-only controller, 295-96 
proportional-plus-integral controller, 
296-91 

proportional-plus-integral-plus- 
derivative controller, 297-301 
reaction curve used to determine, 
320-24 

tuning maps, 298-99 
auto-selector or cutback, 345-48 
cascade, 352-57 
control modes of, 189-200 
proportional-plus-integral control, 196 
throttling control (proportional-only 
control), 191, 193-95 
two position control, 189-191 
direct and reverse actions of, 16 
duplex or split-range, 343-45 
elapsed-time, 402-11 
flow-ratio, 349-52 


pneumatic. See Pneumatic controllers 
programmed, 402-11 
responses of, 16-29 
selection of, 200-1 
selection of the action of, 16 
sequential, 405-6 
Control valves, 270-92 
capacity of, 272-73 
pressure drop across, 273-76 
rangeability of, 276-79 
selecting, 278-79 
sequencing, 279-81 
sizing of, 272, 278-80 
viscosity corrections for, 281 
Core memory, 374-75 
Cutback control, 345-48 

Dall tubes, 96 

DDC (direct-digital control), 378 
Dead time, 6-7, 17-18, 335 
Dead weight testers, 42-44 
as gravity dependent, 38-39 
pneumatic, 43-44 
Density measurement, 81-87 
hydrostatic head, 82-84 
radiation, 84 

temperature effects and, 84 
vibrat ion, 84 

Derivative action, 25-29. See aho 

Proportional-plus-derivative con- 
trol action; Proporţional -plus- 
derivative-plus integral control 
frequency response analysis and, 335-37 
of pneumatic controllers, 215-16 
proporţional control and, 199-200 
in SPEC 200 system, 244-45 
DEWCEL, 147—48 
Diaphragm box, 74-75 
Differential-gap control, 191 
Differential pressure, 37 
Diflferential pressure transmitter 
density measurement with, 85-87 
electronic, 238-41 
for level measurement, 75-78 
Direct action, 16 
Disk, 375-76 
Diskette, 384 

Displacement level transmitters, 71-73 
Dissociation, 159-61 
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Distillation, feedforward control of, 

369-70 

Drag body flowmeter, 98-99 
Drums, computer, 375 
Duplex controller, 343-45 

Elapsed-time controller, 402-5 
Elbow taps for flow measurement, 97-98 
Electric motor actuators, 267-68 
Electrolysis, 156 

Electromotive force (emf) of ther- 
mocouples, 131-33 

Electronic control Systems, 237-255. See 
aho Feedwater control system, 
electronic 

pneumatic systems compared to, 254-55 
Electronic process simulator, 414-20 
Exponential-rise transient, 6 

Feedback control loop, 3, 179-201. See 
aho Closed-loop control system 
basic characteristics of, 9, 12-14 
Feedforward control, 360-70 
advantages of, 360-61 
defînition of, 360 
of distillation process, 369-70 
of heat exchanger, 361-69 
history of, 360 

Feedwater control system, electronic, 

237-54. See aho SPEC 200 system 
closed-loop operation of, 252-54 
controller s in, 241-43 
general description of, 247-52 
principie of operation of, 243—47 
transmitters in, 238-41 
Filled thermal systems, 128-30 
Final actuator, 13 
Flapper-nozzle units, 205-14 
Flashing, 274-76 
Float-and-cable devices, 70 
v-notch weir with, 116 
Flow measurement, 90-124 
constriction or differential head type de- 
vices, 91-92 
elbow taps, 97-98 
flow nozzle, 96-97 
flow rates pressure relationship, 
100-3 

orifîce plates, 94, 100 


Pitot tube, 97 
primary devices, 94-99 
secondary devices, 99-100 
target (drag force) device, 98-99 
temperature and flow rate, 103, 105-8 
variable area meters (rotameter), 109 
Venturi tube, 95-96 
displacement method of, 91 
open-channel, 109-16 
velocity flowmeters, 1 17-23 
Flow nozzle, 96-97 
Flow rate 

differential pressure related to, 100-3 
temperature and, 103, 105-8 
Flow-ratio control, 349-52 
Flumes, 110-16 
Force, 36 

Force-balance pneumatic pressure trans- 
mitter, 60-65 
Frequency ratio, 334 
Frequency response analysis, 328-40 
and Bode diagram, 329-31 
closed-loop response and, 339-40 
control objectives and, 335 
and derivative action, 335-37 
and integral action, 335, 337-39 
and proporţional bând, 335, 339 
te sting a system with, 331-35 

Gain, 183 

frequency response analysis and, 
329-31 

Gain margin, 335 
Galvanometric motor, 265 
Gauge pressure, 34, 37 
Gravity 

force and mass and, 36 
pressure measurement and, 38-39 

Hair element, 145-46 
Head, 33-34, 39. See aho Pressure 
Head level, measurement and, 73-78 
Heat exchanger, 2, 3, 12 
Humidity, relative and absolute, 144 
Humidity measurements, 144-48 
Hydrogen ion activity (pH). See pH 

Instrument Society of America (ISA) 
symbols used by, 9, 10 
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Integral action (reset), 23-25, 28-29 .See 
also Proportional-plus-derivative- 
plu s-integral control; Propor- 
tional-plus-integral action 
frequency response analysis and, 335, 
337-39 

of pneumatic controllers, 215-16 
proporţional control and, 196-98 
Integral time, 196-97 
Integral windup, 198, 216 
Interface equipment, computer, 337-85 
Ionization, 159-61 
Ion-selective measurement, 173-74 

Le vel measurement, 69-81 
capacitance, 78 
conductance, 79 
displacement (buoyancy), 71-73 
float-and-cable, 70 
head or pressure, 73-74 
radiation, 79 
thermal, 81 
ultrasonic, 80-81 
weight, 79-80 

Limp or slack diaphragm instrument, 
44-46 

Liquid density. See Density measurement 
Liquid pressure measurement, 48 
Lo-Loss tubes, 96 

Magnetic flowmeter, 117-21 
Manometers, 39-42 
mercury, 99 

Manual control unit of pneumatic con- 
troller, 216-19 
Mass, 36 

Measurement, 7-9, 13 
Measuring transmitters, 8-9 
Memory, computer, 373-77 
Meniscus correction, 41 
Metering pumps, 91 
mho (reciprocal ohm), 152-53 
Microprocessor, 382 
Multicapacity system, 313-15 

Newton (N), 36-37 
Nichols diagram, 339 

Off-line system, 389-90 
Offset, 22, 28, 194-95 


On-line system, 388, 89 
On/off control, 19-20, 189-91 
step-analysis method and, 316 
Open-channel flow rate measurement s, 
109-16 

Orifice plates, 94 
tap locations for, 100 
Oscillation, 184-87 

Output transducer, resistance pneumatic 
transmitter used with, 141, 142 
Oxidation-reduction potenţial measure- 
ments, 172-73 

Parshall flume, 112-15 
Pascal, 35-37, 39 

Percent-incomplete method, 310-13 
pH (hydrogen ion activity), definition of, 
161 

pH measurement, 159-72 
control system, 170-72 
glass electrode system, 164-65 
ionization or dissociation and, 159-61 
reading the output of pH electrodes, 
169-70 

reference electrodes and, 165-68 
temperature compensation and, 168-69 
Phase margin, 335 

Phase shift, frequency response analysis 
and, 329 

Piston-and-cylinder actuators, 263 
Pitot tube, 97 

Pneumatic amplifier, 207-9 
Pneumatic calibrator, portable, 59-60 
Pneumatic controllers, 205-34 
batch controller, 231-34 
closed-loop control system of, 223-31 
derivative and integral action of, 215-16 
electronic Systems compared to, 254-55 
flapper-nozzle units of, 205-14 
manual control unit of, 216-19 
requirements of, 211-12 
set-point mechanism of, 220-23, 225-26 
single-seat equal percentage valve of, 
227 

transferring from automatic to manual, 
217 

transferring from manual to automatic, 
217-19 

valve actuators of, 226-27 
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Pneumatic indicators, 53-55 
Pneumatic process simulator, 420-26 
Pneumatic recorders, 53-55 
Pneumatic relay, 62-63 
Pneumatic transmitter, resistance, 140-42 
Polarization, conductivity measurements 
and, 156 

Portable pneumatic calibrator, 59-60 
Positive displacement meters, 91 
Potentiometric recorder, 137-38 
Pounds per square inch (psi), 38, 39 
Power faiVre start logic, 394 
Pressure 
absolute, 34, 37 
definit ion of, 33-34 
differential, 37 
gauge, 34, 37 
seals, 48, 55, 57-59 
units of measurement for, 35-38 
Pressure drop across control valve, 273-76 
Pressure gauge s, 34, 37, 46-48 
Pressure le vel, measurement and, 73-78 
Pressure-measuring instruments, 39-52 
beli instrument, 44, 45 
bellows, 49-52 

calibration standards for, 39-40 
calibrat ion techniques for, 59-60 
deadener or damper for, 48-49 
dead weight testers, 42-44 
gauge s, 46-48 
mano meters, 39-42 
seals and purges for, 48 
slack or limp-diaphragm instrument, 
44-46 

Pressure recorders and indicators, 53-55 
Pressure transmitters, 52-59 
absolute, 64-65 
differential, 238-41 
force-balance pneumatic, 60-65 
Process control computer system, 378-85 
Processes 

controllability of, 17-18 
types of, 5-9 

Programmed control systems, 402-11 
Proporţional action, pneumatic transmitter 
and, 209-11 

Proporţional bând, 20-23, 193 
frequency response analysis and, 335, 
339 

ultimate, 334 


Proporţional control, 20-23, 28-29 
offset and, 194-95 
step-analysis method and, 316-18 
Proportional-only control(ler), 191, 193-95 
adjusting, 295-96 
applications of, 195 
Proportional-plus-derivative control 
step-analysis method and, 319-20 
Proportional-plus-derivative -plus-integral 
control 

step-analysis method and, 320 
Proportional-plus-integral action 
step-analysis method and, 318 
Proportional-plus-integral control(ler) , 
196-98 

adjusting, 296-97 

Proportional-plus-integral-plus-derivative 
controller, 199-200 
adjustment procedure for, 297-301 
Psychrometer, 145, 146 
Pulsation dampener, 48-49 
Purges, 48 

Pyro meters, radiation, 144 

Radiation, density measurement, 84 
Radiation le vel measurement, 79 
Radiation pyrometers, 144 
Rangeability of control valve, 276-79 
Ratio control system, 349-52 
Reaction curve, controller adjustments de- 
termined by using, 320-24 
Real processes, 427-32 
Real-time clock, 394 
Recorder 

potentiometric, 137-38 
wheatstone bridge, 142-43 
Redox measurements, 172-73 
Relay, pneumatic, 62-63 
Resistance thermal detectors (RTDs), 

139- 44 

output transducer used with, 141, 142 
wheatstone bridge recorder used with, 
142-43 

Resistance-to-pneumatic convertors, 

140- 42 

Reverse action, 16 

Reynolds number, 95 

Rotameter (variable area meter), 109 

Seal pressure system, 48, 55, 57-59 
Semiconductor memory, 376-77 
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Sequencing-control valves, 279-81 
Sequential controllers, 405-6 
Signal transmission system for pressure, 
52-53 

Simulated processes (simulators), 413-26 
electronic, 414-20 
pneumatic, 420-26 

Single-seal equal percentage valve, 227 
SI units of pressure, 35-37, 39 
Slack or limp-diaphragm instrument, 
44-46 

Sling psychrometer, 146 
SPC (set-point control), 378 
Specific gravity. See Density measurement 
SPEC 200 system, 241-52 
automatic/manual switch in, 247 
controller adjustments in, 247 
derivative action in, 244-45 
deviation signal generation in, 244 
externai integral (-R) option in, 246 
externai summing (-S) option in, 246 
final summing and switching in, 245 
high and low limits in, 245^46 
increase/decrease switch in, 244 
power supply fault protection circuit in, 
246-47 

proporţional bând action in, 245 
Split-range control, 343^5 
Square root extractor, 250-52 
Steam pressure measurement, 48 
Step-analysis method of finding time con- 
stant. See Time constant, step- 
analysis method of finding 
Swamping re si stors for average tempera- 
ture measurement with ther- 
mocouples, 135-36 
Symbols, 9-11 

Target flowmeter, 98-99 
Temperature 

flow rate and, 103, 105-8 
pH measurement and, 168-69 
Temperature measurement, 126-44 
filled thermal systems, 128-30 
resistance thermal detectors, 139-44 
thermistors, 144 
thermocouples, 130-39 
average temperature measurement, 
135-36 

calibration curves, 137 


diflferential temperature measurement 
with, 136 

potentiometric recorders, 137-38 
reference junction compensation, 
133-34 

transmitter, thermocouple-to-current, 
138-39 

Temperature transmitter, pneumatic, 
209-11 

Thermal le vel measurement, 81 
Thermistors, 144 
Thermocouples, 130-39 
average temperature measurement, 
135-36 

calibration curves for, 137 
differential temperature measurement 
with, 136 

potentiometric recorders used with, 

137- 38 

reference junction compensation and, 
133-34 

Thermocouple-to-current transmitter, 

138- 39 

Throttling control, proporţional -only con- 
trol, 191, 193-95 
Time constant 

Bode diagram used for finding, 331 
step-analysis method of finding, 

304-24 

block diagrams, 304-7 
finding control modes, 315-20 
multicapacity system, 313-15 
on/off control action, 316 
percent-incomplete method, 310-13 
proporţional control action, 316-18 
proportional-plus-derivative control 
action, 319-20 

proportional-plus-derivative-plus- 
integral control, 320 
proportional-plus-integral action, 318 
reaction curve used to determine con- 
troller adjustments, 320-24 
single-time-constant system, 308-9 
two-time-constant system, 309-10 
Time-cycle control, 191 
Transducer, output, 141, 142 
Transmitters 

displacement (buoyancy), 71-73 
pH, 170, 171 
pneumatic, 140-42 
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Transmitters, ( cont’d .). 
pressure, 52-59 

thermocouple-to-current, 138-39 
Tuning maps, 298-99 
Turbine flowmeter, 122-23 

Ultrasonic le vel sensor, 80-81 
Upsets, 17 

Valve actuators, 226-27, 259-61 
Valve positioners, 15, 261-63 
Valve relay, 207-8 


Valves 

control. See Control valves 
single-seat equal percentage, 227 
Velocity flowmeters, 117-23 
Venturi tube, 95-96, 208 
Vibration, density measurement, 84 
Viscosity corrections for control valves, 
281 

Vortex flowmeter, 121-22 

Weight system, level measurement, 79-80 
Weirs, 110, 111, 115-116 
Wheatstone bridge recorder, 142-43 
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